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“The most beautiful experience we can have is the mysterious. It is 
the fundamental emotion that stands at the cradle of true art and true 
science” 
Albert Einstein  
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Inflammation is a complex biological response of an organism 
to a stimulus that can be caused by various external factors such as 
pathogenic microorganisms, or endogenous factors such as immune 
processes, genetic alterations or cell changes. In many cases the 
inflammatory response is maintained over time causing a state of 
chronic inflammation, present in many pathological states including 
metabolic diseases such as obesity and diabetes, immune diseases such 
as rheumatoid arthritis (RA) or systemic lupus erythematosus (SLE), 
polycystic ovary syndrome (PCOS) and even cancer, among others. 
During the inflammatory response there is a variation in the 
concentrations of certain proteins present in plasma called acute-phase 
proteins. Most acute-phase proteins present in human serum or plasma 
are glycoproteins. Protein glycosylation is an enzyme-mediated post-
translational process consisting of the addition of glycans to the protein 
chain through O-glucosidic or N-glucosidic bonds. This process occurs 
mostly in hepatocytes in response to proinflammatory cytokines such 
as interleukin 6 (IL-6), which induces synthesis and secretion of 
positive acute-phase proteins such as 1-acid glycoprotein, 
haptoglobin, and 1-antitrypsin, among others. During the acute phase 
response not only the concentration of these proteins increases, but also 
the structure of the glycan is modified by increasing the branches and 
residues of monosaccharides that form it, such as the residues of N-
acetylglucosamine (GlcNAc), N-acetylgalactosamine (GalNAc) or N-
acetylneuraminic acid or sialic acid (Neu5Ac), among others. 
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There is a growing interest in the search for new biomarkers 
that can more accurately monitor inflammation in a more robust way 
than those currently used in clinical trials such as C-reactive protein 
(CRP), of known intra-individual variability. In recent years different 
analytical approaches have appeared to characterize circulating 
glycoproteins in serum or plasma in order to determine more accurate 
information about their involvement in the development of diseases. 
One of the analytical techniques that is emerging recently in the clinical 
scene is nuclear magnetic resonance (NMR). NMR is a high-
performance technology, with minimal sample manipulation, highly 
reproducible and versatile for cost-effectively quantifying metabolites.  
The objective of the thesis presented here has been to develop 
a method of quantification of glycoproteins in serum and plasma 
samples through 1H-NMR. This method has allowed to obtain a profile 
of glycoproteins including the characterization of new variables not 
described until now. Apart from those already existing in the scientific 
community, such as GlycA or GlycB, our new parameters include 
GlycF, and the H/W ratios of GlycA and GlycB, which will be 
discussed throughout the thesis. The methodology developed has been 
used in three different studies. In the first, the profiling of glycoproteins 
in a cohort with rheumatoid arthritis (RA) versus a control group is 
studied. The results showed a significant increase in the area of GlycA 
and in the H/W ratios with respect to the control group. In addition, 
adding the parameters of 1H-NMR to those used in the traditional 
clinic (fibrinogen, CRP and erythrocyte sedimentation rate or ESR) 
improved the classification of patients with respect to the DAS28 
disease activity index. 
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In the second work, glycoprotein profiling was studied in a 
cohort of obese and non-obese women with polycystic ovary syndrome 
(PCOS) and compared with control men and women. The results 
showed an increase in the areas of GlycA, GlycB and GlycF and also 
the H/W ratios in obese. Patients with PCOS also had higher H/W 
ratios compared to controls. 
Finally, in the third work, the glycoprotein profile was 
characterized in patients with and without diabetes and/or atherogenic 
dyslipemia (AD) versus a control group. All glycoprotein parameters 
were significantly higher in the AD and diabetes groups than in the 
control group. In addition, as in the first work, by adding the new 
glycoprotein variables to the traditionally inflammatory marker CRP, 
the AUC increased considerably in the classification models between; 
a) the control group and the rest (0.68 to 0.84), b) patients with and 
without dyslipidaemia (0.54 to 0.86), and c) patients with and without 
diabetes (0.55 to 0.75). 
The glycoprotein test using 1H-RMN, which characterizes 
states of inflammation, is highly sophisticated and innovative from the 
methodological point of view. In addition, it represents an encouraging 
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La inflamació és una resposta biològica complexa d'un 
organisme davant d'un estímul que pot ser provocat per diversos factors 
externs com microorganismes patògens, factors endògens com són ara 
processos immunes, alteracions genètiques o canvis cel·lulars. En 
molts casos la resposta inflamatòria es manté al llarg del temps 
provocant un estat d'inflamació crònica, present en molts estats 
patològics. Aquests  inclouen malalties metabòliques com la obesitat, 
la síndrome de l’ovari poliquístic (SOP)  i la diabetis, malalties 
immunitàries com l’artritis reumatoide (AR) o lupus eritematós 
sistèmic (LES), i fins i tot, el càncer. 
Durant la resposta inflamatòria es produeix una variació en les 
concentracions de certes proteïnes presents en el plasma anomenades 
proteïnes de fase aguda. La majoria de les proteïnes de fase aguda 
presents en sèrum o plasma humà són glicoproteïnes. La glicosilació 
de les proteïnes és un procés post-traduccional mediat per enzims que 
consisteix en l'addició de glicans a la cadena proteica a través 
d'enllaços O-glicosídics o N-glicosídics. Aquest procés s’esdevé 
majoritàriament en els hepatòcits en resposta a citocines 
proinflamatòries com la interleuquina 6 (IL-6), que indueix la síntesi i 
la secreció de proteïnes de fase aguda positives com són 1-acid 
glycoprotein, haptoglobin, and 1-antitrypsin, entre d’altres. Durant la 
resposta de fase aguda no només augmenta la concentració d'aquestes 
proteïnes, sinó que també es modifica l'estructura del glicà augmentant 
les ramificacions i els residus de monosacàrids que el formen com són 
la  N-acetilglucosamina (GlcNAc), la N-acetilgalactosamina 
UNIVERSITAT ROVIRA I VIRGILI 
1H-NMR GLYCOPROTEIN ANALYSIS: AN ADVANCED APPROACH FOR INFLAMMATORY DISEASES DIAGNOSIS 





(GalNAc), l’àcid N-acetilneuramínic o àcid siàlic (Neu5Ac), entre 
d'altres. 
Hi ha un interès creixent en la recerca de nous biomarcadors 
que puguin monitoritzar la inflamació d'una manera més robusta que 
els actualment utilitzats en clínica, com la proteïna C reactiva (PCR), 
la qual presenta una elevada  variabilitat intraindividual. Durant els 
últims anys han aparegut diferents aproximacions analítiques per 
caracteritzar les glicoproteïnes circulants en sèrum o plasma de manera 
que es pugui determinar informació més exacta sobre la seva 
implicació en el desenvolupament de malalties. Una de les tècniques 
analítiques que està emergint recentment a l'escena clínica és la 
ressonància magnètica nuclear (RMN). La RMN es caracteritza per ser 
una tecnologia d'alt rendiment, amb una mínima manipulació de la 
mostra, altament reproduïble i versàtil, que permet  quantificar 
metabòlits de forma eficient. 
L'objectiu de la tesi aquí presentada ha estat desenvolupar un 
mètode de quantificació de glicoproteïnes en mostres de sèrum i 
plasma a través de 1H-RMN. Aquest mètode ha permès obtenir un 
perfilat de glicoproteïnes incloent la caracterització de noves variables 
no descrites fins ara. A part de les ja existents a la comunitat científica, 
com GlycA o GlycB, els nostres nous paràmetres inclouen GlycF, i els 
ràtios H / W de GlycA i GlycB, que es discutiran al llarg de la tesi. La 
metodologia desenvolupada ha estat emprada en tres estudis diferents. 
En el primer, s'estudia el perfilat de glicoproteïnes en una cohort amb 
artritis reumatoide (AR) en relació a un grup control. Els resultats van 
presentar un augment significatiu en l'àrea de GlycA i en els ràtios H / 
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W respecte al grup control. A més, afegint els paràmetres de 1H-RMN 
als utilitzats tradicionalment en la pràctica clínica (fibrinogen, PCR i 
taxa de sedimentació eritrocítica o ESR) va millorar la classificació 
dels pacients pel que fa a l'índex d'activitat de la malaltia DAS28. 
En el segon treball, es va estudiar el perfilat de glicoproteïnes 
en una cohort de dones obeses i no obeses amb síndrome d'ovari 
poliquístic (SOP) i aquest es va comparar amb el d’homes i dones 
controls. Els resultats van mostrar un augment de les àrees de GlycA, 
GlycB i GlycF i també de les ràtios H / W en obesos. Les pacients amb 
SOP a més a més van presentar majors ràtios H / W en comparació amb 
els controls. 
Finalment, en el tercer treball es va caracteritzar el perfil de 
glicoproteïnes en pacients amb i sense diabetis i / o dislipèmia 
aterogènica (DA) davant d'un grup control. Tots els paràmetres de 
glicoproteïnes van ser significativament més alts en els grups amb DA 
i diabetis respecte al grup control.  Afegint les noves variables de 
glicoproteïnes al marcador tradicionalment utilitzat de la proteïna C 
reactiva (PCR) de la inflamació, les AUC van augmentar 
considerablement en els següents models de classificació a)el grup 
control i la resta (0.68-0.84), b) els pacients amb i sense dislipidèmia 
(0.54 de 0.86) i c) els pacients amb i sense diabetis (0.55-0.75). 
 El test de glicoproteïnes mitjançant 1H-RMN, que caracteritza 
estats d’inflamació, és des del punt de vista metodològic altament 
sofisticat i innovador. Addicionalment, representa un nou paradigma 
encoratjador per a la seva futura incorporació al diagnòstic clínic. 
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La inflamación es una respuesta biológica compleja de un 
organismo frente a un estímulo que puede ser causado por varios 
factores externos como microorganismos patógenos, o factores 
endógenos como procesos inmunes, alteraciones genéticas o cambios 
celulares. En muchos casos la respuesta inflamatoria se mantiene a lo 
largo del tiempo provocando un estado de inflamación crónica, 
presente en muchos estados patológicos incluyendo enfermedades 
metabólicas como son obesidad y diabetes, enfermedades inmunitarias 
como artritis reumatoide (AR) o lupus eritematoso sistémico (LES), 
síndrome de ovario poliquístico (SOP) e incluso cáncer, entre otras. 
  Durante la respuesta inflamatoria se produce una variación en 
las concentraciones de ciertas proteínas presentes en plasma llamadas 
proteínas de fase aguda. La mayoría de las proteínas de fase aguda 
presentes en suero o plasma humano son glicoproteínas. La 
glicosilación de las proteínas es un proceso post-traduccional mediado 
por enzimas que consiste en la adición de glicanos a la cadena proteica 
a través de enlaces O-glucosídicos o N-glucosídicos. Este proceso 
ocurre mayoritariamente en los hepatocitos en respuesta a citocinas 
proinflamatorias como la interleuquina 6 (IL-6), que induce la síntesis 
y secreción de proteínas de fase aguda positivas como son 1-acid 
glycoprotein, haptoglobin, and 1-antitrypsin, entre otras. Durante la 
respuesta de fase aguda no solo aumenta la concentración de estas 
proteínas, sino que también se modifica la estructura del glicano 
aumentando las ramificaciones y los residuos de monosacáridos que lo 
forman como son los residuos de N-acetilglucosamina (GlcNAc), N-
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acetilgalactosamina (GalNAc) o ácido N-acetilneuramínico o ácido 
siálico (Neu5Ac), entre otros. 
Existe un interés creciente en la búsqueda de nuevos 
biomarcadores que puedan monitorizar de una forma más exacta la 
inflamación de una manera más robusta que los actualmente utilizados 
en clínica como la proteína C reactiva (PCR), de conocida variabilidad 
intraindividual. Durante los últimos años han aparecido diferentes 
aproximaciones analíticas para caracterizar las glicoproteínas 
circulantes en suero o plasma de manera que se pueda determinar 
información más exacta sobre su implicación en el desarrollo de 
enfermedades. Una de las técnicas analíticas que está emergiendo 
recientemente en la escena clínica es la resonancia magnética nuclear 
(RMN). La RMN se caracteriza por ser una tecnología de alto 
rendimiento, con una mínima manipulación de la muestra, altamente 
reproducible y versátil para cuantificar metabolitos de forma rentable.  
 El objetivo de la tesis aquí presentada ha sido desarrollar un 
método de cuantificación de glicoproteínas en muestras de suero y 
plasma a través de 1H-NMR. Este método ha permitido obtener un 
perfilado de glicoproteínas incluyendo la caracterización de nuevas 
variables no descritas hasta ahora. A parte de las ya existentes en la 
comunidad científica, como GlycA o GlycB, nuestros nuevos 
parámetros incluyen GlycF, y las ratios H/W de GlycA y GlycB, que 
se discutirán a lo largo de la tesis. La metodología desarrollada ha sido 
empleada en tres estudios diferentes. En el primero, se estudia el 
perfilado de glicoproteínas en una cohorte con artritis reumatoide (AR) 
frente a un grupo control. Los resultados presentaron un aumento 
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significativo en el área de GlycA y en las ratios H/W con respecto al 
grupo control. Además, añadiendo los parámetros de 1H-NMR a los 
utilizados en la clínica tradicional (fibrinógeno, PCR y tasa de 
sedimentación eritrocítica o ESR) mejoró la clasificación de los 
pacientes con respecto al índice de actividad de la enfermedad DAS28. 
 En el segundo trabajo, se estudió el perfilado de glicoproteínas 
en una cohorte de mujeres obesas y no obesas con síndrome de ovario 
poliquístico (SOP) y se comparó con hombres y mujeres control. Los 
resultados mostraron un aumento de las áreas de GlycA, GlycB y 
GlycF y también de los ratios H/W en obesos. Las pacientes con SOP 
además presentaron mayores ratios H/W en comparación con los 
controles. 
Por último, en el tercer trabajo se caracterizó el perfil de 
glicoproteínas en pacientes con y sin diabetes y/o dislipemia 
aterogénica (DA) frente a un grupo control. Todos los parámetros de 
glicoproteínas fueron significativamente mayores en los grupos con 
DA y diabetes con respecto al grupo control. Además, de nuevo, al 
añadir las nuevas variables de glicoproteínas al marcador 
tradicionalmente utilizado de la proteína C reactiva (PCR) de la 
inflamación, las AUC aumentaron considerablemente en los modelos 
de clasificación entre; a) el grupo control y el resto (0.68 a 0.84), b) los 
pacientes con y sin dislipidemia (0.54 a 0.86) y c) los pacientes con y 
sin diabetes (0.55 a 0.75). 
El test de glicoproteínas mediante 1H-RMN, que caracteriza 
estados de inflamación, es desde el punto de vista metodológico 
altamente sofisticado e innovador. Además, representa un nuevo 
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paradigma alentador para su futura incorporación al diagnóstico 
clínico.  
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Inflammation is a complex biological response of an organism 
to a damaging stimulus which can be caused by various factors such as 
a pathogenic microorganism or cell failure. The process takes place in 
all pathological conditions1 and involves a cellular signalling pathway 
to remove that stimulus and to initiate the process of healing. The acute 
phase of inflammation is an innate immune reaction in which 
hemodynamic changes, altered vascular permeability, and leukocyte 
modifications are produced in order to repair the damage. When the 
inflammation lasts for a long time (weeks or months), it is called 
chronic inflammation and is the basis of many diseases such as 
autoimmune diseases, obesity and even cancer, among others.2 Both 
acute and chronic inflammation are very complex and our knowledge 
of how to diagnose, understand, and control the inflammatory response 
remains limited. Every inflammatory process is accompanied by 
numerous changes at the site of inflammation, as well as numerous 
systemic physiological and biochemical changes,3 but in the last 
decades increasing attention has been paid to changes in 
glycosylation.4,5  
Glycosylation is the most common post-translational 
modification affecting the functions of proteins, such as protein 
stability, enzymatic activity and protein-protein interactions. 
Glycoproteins play key roles in cell communication, signalling and cell 
adhesion.6 Most of the human serum or plasma proteins, except for 
albumin, are glycoproteins belonging to the family of acute-phase 
proteins, which rise or fall in response to acute and chronic 
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inflammatory stimuli.1,3 An example of a mediator of the acute-phase 
response is interleukin-6 (IL-6), which induces hepatic synthesis and 
secretion of positive acute-phase serum proteins such as 1-acid 
glycoprotein, haptoglobin, and 1-antitrypsin and reduces levels of 
negative acute-phase proteins such as transferrin.3,7 The increase on the 
protein complex carbohydrate levels in the plasma of people suffering 
from different disease states is described from years ago.8 Individual 
variation in glycosylation is potentially important for personalized 
disease risk, disease course and response to therapy. It is known that 
protein glycosylation can differ between persons, but is remarkably 
stable per individual.1 It is only when the homeostasis of a person 
changes, by lifestyle or pathological conditions, that the glycosylation 
will change notably.9 Evidence in support of this hypothesis is 
accumulating, but further studies are needed to enable understanding 
of the role of changes in protein glycosylation in disease.10 Thus, it is 
important to be able to profile the amount and types of the expressed 
glycoproteins.  
Determination of the concentration change of such 
inflammatory markers may allow screening of individuals and detect 
disease at early stages as well as facilitate the prognosis prediction and 
monitoring of treatment response. Besides, body fluids provide an 
attractive specimen source because body fluids are generally readily 
accessible and available in reasonable quantities for clinical analysis. 
It is therefore apparent that a general method for the quantitative 
analysis of the proteins contained in body fluids in health and disease 
would be of great diagnostic and clinical importance. 
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 CHAPTER 1  
5 
 
A key problem with the proteomic analysis of serum and many 
other body fluids is the peculiar protein composition. The protein 
composition is dominated by a few proteins that are extraordinarily 
abundant, with albumin alone representing 50% of the total plasma 
proteins. Due to the abundance of these major proteins, the large 
number of protein species of lower abundance are obscured or 
inaccessible by traditional proteomics analysis methods such as two-
dimensional electrophoresis (2DE).11 Thus, there exists a need for 
methods of high throughput and quantitative analysis of blood, serum 
or plasma glycoproteins and glycoprotein profiling for diagnostic 
purposes.  
In recent years, Nuclear Magnetic Resonance (NMR) has been 
used in many areas of science as an analytical technique of high 
performance. The role of NMR as a robust and reproducible tool to 
analyse serum lipoproteins for cardiovascular risk prediction12,13 
makes it especially attractive for glycoprotein analysis. In fact, a new 
marker, obtained by NMR, called GlycA has emerged in the clinical 
research, reflecting the concentration of at least five circulating 
glycoprotein concentrations: predominantly alpha-1 antitrypsin 
(AAT), alpha-1-acid glycoprotein (AGP), haptoglobin (HP), 
transferrin (TF), and alpha-1-antichymotrypsin (AACT).14 In addition, 
it has been suggested in several studies that this marker is a better 
indicator of the detection, prognosis and therapeutic monitoring of 
tissue lesion marked by systemic inflammatory processes, as well as 
cardiovascular risk and type 2 diabetes, than the classic parameter 
currently used for chronic inflammation such as the highly sensitive C-
reactive protein (hsCRP).15–17 The heterogeneous composition of 
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GlycA represents a challenge for further research towards investigating 
and developing molecular intervention strategies.14,18 
The goal of implementing these biomarkers as standard routine 
in clinical tests could result in an improvement in the diagnosis and 
prognosis of some diseases and, therefore, a decrease in the morbidity 
and mortality.  
 
1.2. Fundamentals of Glycoproteins 
A glycoprotein is a molecular entity composed of a polypeptide 
chain and one or more glycans. A glycan, in turn, is a complex 
oligosaccharide composed of 10–15 monosaccharide residues. Can be 
covalently attached to proteins to make glycoproteins, or lipids to make 
glycolipids.10 Glycans are assembled from monosaccharide residues 
through a carefully regulated enzyme-directed process of 
glycosylation. At the cellular level, the protein component of all 
glycoproteins is synthesized in the endoplasmic reticulum (ER). They 
then make their way through multiple stacks of the Golgi apparatus, 
finally being distributed to various destinations from the trans-Golgi 
network. This is where the addition of glycans to the polypeptide chain 
of the protein occurs by complex dynamic interactions between 
hundreds of enzymes such as glycosyltransferase reactions, enzymes 
that transfer activated forms of monosaccharides from nucleotide 
sugars and lipid-linked sugar intermediates to acceptors including 
proteins, lipids, and growing glycan chains.19 Some of these activated 
forms of monosaccharides are mannose, fucose, galactose, N-
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Acetylglucosamine (GlcNAc), N-Acetylgalactosamine (GalNAc), N-
acetylneuraminic acid (Neu5Ac) or sialic acid, among others.20 
Basically, the monosaccharides or oligosaccharide chains are attached 
to protein through either N-glycosidic or O-glycosidic bonds. Figure 
C1.1 shows the structures of N- and O-glycans and an example of a 
glycated protein. 
N-Glycosidic bonds (N-glycans) are formed between the amide 
group of an asparagine (Asn) chain, and the anomeric carbon of N-
acetylglucosamine (GlcNAc). The enzyme catalyzing formation of this 
bond recognizes Asn residues in the protein having the sequence Asn-
X-Thr (threonine), or Asn-X-Ser (serine), where X represents any 
amino acid except proline.21 All eukaryotic N-glycans share a common 
core sequence: two GlcNAc residues and three mannose (Man) 
residues. From this core they can branch in three ways: (1) 
oligomannose, in which only Man residues extend the core; (2) 
complex, in which “antennae” initiated by GlcNAc extend the core; 
and (3) hybrid, in which one arm is composed of Man and the others 
arms are composed of other monosaccharides such as galactose (Gal), 
glucose (Glc), xylose (Xyl) or Fucose (Fuc). 
O-linked glycans are attached to the oxygen of serine (Ser), 
threonine (Thr), tyrosine, hydroxylysine or hydroxyproline side chains. 
Normally these glycoproteins are initiated by GalNAc attached to the 
hydroxyl of Ser or Thr residues. The sugars found in O-GalNAc 
glycans include GalNAc, galactose, GlcNAc, fucose, and Neu5Ac, 
whereas Man, Glc, or Xyl residues are not represented.22  
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Figure C1.1. A, N-glycans structures; B, O-Glycans structures; C, 
Glycoprotein example. Adapted from Essentials of Glycobiology, 3erd 
edition 5 and from John A. Brailsford and Samuel J. Danishefsky.23 
N-glycans are the major and best studied class of carbohydrate 
protein modifications. However, it should be noted that both types of 
glycans participate in numerous molecular processes, including protein 
folding, cell-adhesion, molecular trafficking, signal transduction, 
modulation of receptor activity and others.6 They play a major role in 
all fundamental functions of the multicellular organism, including the 
immune system.24 
Because glycans are involved in many biological processes, it 
is not surprising that alterations in both composition and concentration 
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can be recognized as causes of an increasing number of diseases, some 
of which are described in this thesis. 
Different techniques have been used to measured individual 
glycoproteins such as enzyme linked immunosorbent assays (ELISAs), 
electrochemiluminescence immunoassay (ECLIA), luminex based 
assays, radioimmunoassays (RIA) and nephelometric assays, among 
others,25 that quantify the amount of protein present in biological 
samples but most of these techniques measure a specific individual 
glycoprotein. While quantifying protein levels remains the mainstay 
for measurement of inflammatory glycoprotein levels, measuring the 
glycan portion of inflammatory proteins is becoming increasingly 
useful for diagnostic purpose. This can be accomplished using a high 
throughput technology such as mass spectroscopy (MS) or nuclear 
magnetic resonance spectroscopy (NMR).  
 
1.3. Nuclear magnetic resonance spectroscopy 
NMR spectroscopy is one of the most common techniques in 
metabolomic studies along with mass spectroscopy (MS). However, 
the high reproducibility and the non-destructive and non-invasive 
characteristics of NMR make it potentially attractive for translational 
medicine. MS techniques are also becoming more common place in 
clinical laboratories25 but the effective analysis of protein-derived 
circulating glycans is still difficult to accomplish due to the high 
complexity that is caused by variations in glycan linkage and 
branching. Furthermore, quantification by MS is not always reliable 
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and for some samples there can be overlap from isobaric glycans 
(discrete isomeric glycan structures that possess the same mass).26 MS 
data can be very complex and interpretation requires expertise. 
Furthermore, in MS, matrix effects, ionization suppression and 
enhancement, can be affected by the presence of other chemical species 
and cause inconsistent results in the analysis.27 
Compared to MS, it stands out that NMR sample preparation is 
minimal. In NMR a high number of metabolites can be detected 
simultaneously in a short period of time of only a few minutes, and the 
sample can be retrieved and stored for a long time and reused.28  
For these reasons, NMR is found in a myriad of applications in 
many different areas of science. A clear example of this is its 
implementation in the analysis of lipoproteins for the prediction of 
cardiovascular risk.12,29,30 Recently, there is an increasing interest in 
the quantification of blood glycoproteins through NMR since most 
acute-phase proteins that rise or fall in response to acute and chronic 
inflammatory stimuli are glycoproteins,1,3 and are thought to be 
potential markers of inflammation.  Specifically, the signal produced 
by the -COCH3 acetyl groups of some of the GlcNAc, GalNAc and 
Neu5Ac monosaccharides linked to protein mentioned above has been 
studied. 
 1.3.1. Fundamentals of NMR  
An NMR spectrometer essentially consists of a magnet, a radio 
frequency emitter and a radio frequency detector. The nuclei present in 
a sample are positively charged and have a rotating movement on an 
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axis behaving like small magnets. The initial arrangement of the nuclei 
and electron spins within the sample will be the most energetically 
favourable. When the sample is introduced into the spectrometer, it is 
placed between the two poles of a magnet and it is subjected to the 
radiofrequency field (RF) of the emitter, particularized at the proton 
resonance frequency. The sample is capable of absorbing RF energy 
(this is what is called entering resonance).  The nuclei with positive 
spin are oriented in the same direction of the field, in a state of 
minimum energy called spin state α, while nuclei with negative spin 
are oriented in the opposite direction to that of the magnetic field, in a 
state of greater energy called spin state β. The energy difference 
between the two spin states α and β, depends on the applied magnetic 
field strength. The greater the magnetic field, the greater the energy 
difference between the two spin states. Since the short RF pulse covers 
a wide frequency range, the individual protons absorb the frequency 
radiation necessary to enter resonance (change of spin state).   
The integrated surface (Area) of the absorption signal is 
proportional to the energy absorbed. This, in turn, is proportional to the 
number of nuclei that have passed from the fundamental state to the 
excited state or, more precisely, to the difference between the number 
of nuclei that pass from the fundamental to the and vice versa. 
 The magnetic nuclei are part of a set of molecules that 
constitute the sample; the entire molecular system is called a reticulum 
independently of the physical state of the sample. In general, NMR 
spectra are determined in dissolution. In liquids, in relation to a nucleus 
taken as a reference, there are movements of the other molecules 
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(translations) and movements of other atoms of the molecule of which 
the nucleus is a part (vibrations and rotations). A nucleus in the upper 
spin state can relax towards a lower spin state and the eliminated 
energy will be poured into the network as supplementary energy of 
translation (intermolecular) and vibration-rotation (intramolecular). 
The heat capacity of the reticulum is so great with respect to the spin 
that the dissolution will not heat up. The cooling system is called spin-
network relaxation. The spin-network relaxation (T1) allows a nucleus 
to change spin without absorbing or emitting energy being possible in 
both directions, from the fundamental to the excited and vice versa. In 
this way, the system will reach a new equilibrium and the NMR signal 
will remain stationary. 
Another important relaxation is known as spin-spin relaxation 
(T2). The field associated with an animated nucleus of a precessional 
movement can be broken down into two components: one static and 
parallel to the direction of the main field B0 and the other rotating with 
the precessional frequency in a plane perpendicular to the direction of 
the main field. The static component does not intervene in relaxation. 
A spin-spin relaxation time T2 is defined for the set of these two 
processes. T2 is the mean time spent by a nucleus in a given spin state 
and is the time that conditions the natural width of the signal. The 
Heissenberg uncertainty principle demonstrates that the natural width 
of a band is inversely proportional to the mean time the system remains 
in the excited state. The modification of B0 field from one nucleus to 
another is another factor that contributes to the widening of the signals. 
For example, in a solid state the atoms are very close, the T2 will be 
very small and it will result in wider signals. However, in the liquid 
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state, the atoms will be very far away, the T2 will be large and it will 
result in narrower signals. 
When the NMR spectrometer detects these signals, it captures 
the signal known as the free induction decay (FID) and contains the 
sum of the relaxation of all the excited spins. The computer collects the 
intensity with respect to time and converts these data into intensity with 
respect to frequency, this is what is known as the Fourier Transform 
(FT-RMN). In this way we obtain the graph of the frequencies versus 
intensity, which is the so-called NMR spectrum. Figure C1.2 shows a 






Figure C1.2. Summarized spectrum acquisition workflow 
 
1.3.2. 1H-NMR profiling of biological matrices 
Recent decades of advances in NMR have made it a very 
powerful tool for research, increasingly clinically relevant. Despite its 
sensitivity limitations in relation to mass spectrometry techniques, 
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NMR has an unprecedented number of advantages. Compared to 
traditional methods of global data analysis based on relative 
comparisons, the absolute quantification offered by NMR offers 
numerous advantages, including the reduction of possible errors 
derived from factors such as a wide spectral background, strong solvent 
signals, and peak misalignments. The ability to analyse intact samples 
without the need for sample preparation or separation, or minimal 
sample preparation, represents an important feature of NMR.31 
However, while biospecimens such as urine and mixtures of 
metabolites extracted from cells and tissues enjoy the benefit of 
analysis using intact samples, as they generally lack macromolecules, 
biospecimens such as human blood serum or plasma, which have high 
amounts of macromolecules, are much more difficult. The unequivocal 
assignment of unknown peaks or signals, especially for low-
concentration metabolites, remains a challenge because most peaks of 
small metabolites in the NMR spectrum overlap partially or completely 
with large signals of more abundant metabolites and pose problems for 
their identification.  However, there are experimental and 
comprehensive protocols that allow for easy reproduction of NMR. 
These protocols in turn allow non-expert NMR users to easily identify 
and quantify blood metabolites, thus enabling the effective use of this 
tool.32 
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1.3.3. 1H-NMR profiling of biofluids: Serum/plasma 
Biofluids are commonly used in metabolomics studies because 
they contain hundreds to thousands metabolites and samples can be 
obtained in a non-invasive (e.g., saliva, urine) or minimally invasive 
manner (e.g., blood plasma or serum).33 Moreover, sample preparation 
for NMR experiments on biofluids only requires the addition of 
phosphate buffer in a small volume of deuterated solvent, and the 
addition of an internal standard for chemical shift reference and 
quantitative normalization. Commonly used internal standards are 4.4-
dimethyl-4-silapentate-1-sulfonic acid (DSS), 3-(trimethylsilyl) 
2,2,3,3-tetradeutero-propionic acid (TSP) that has been used as the 
preferred reference for calibrating and quantifying aqueous NMR 
samples and tetramethylsilane (TMS) for organic solvents.  
Among the nuclei that can be analysed with NMR, proton (1H-
NMR) is the most used in metabolomics because of its high sensitivity, 
fast relaxation, natural abundance, and its nearly ubiquitous presence 
in organic metabolites.33 1H-NMR spectra of biofluids consist of a 
conglomerate of severely overlapped signals from a vast number of 
compounds at very different concentrations, making a reliable 
identification and quantification a challenging task. Additionally, the 
spectral complexity is amplified by chemical exchange processes. For 
instance, pH, ionic strength, and metal ion composition affect specific 
groups of metabolites, causing chemical shifts variation between 
samples.34  
Blood is the primary body fluid connected to systemic 
metabolism and it is considered the most representative biofluid of the 
UNIVERSITAT ROVIRA I VIRGILI 
1H-NMR GLYCOPROTEIN ANALYSIS: AN ADVANCED APPROACH FOR INFLAMMATORY DISEASES DIAGNOSIS 





homeostatic state of the body. However, untreated blood is not a 
suitable biofluid for lipoprotein NMR measurements largely due to the 
presence of cells and their sedimentation gives rise to problems of lack 
of homogeneity in the magnetic field and line broadening. This is why 
the collection of blood plasma or serum is the first step in most clinical, 
metabolic and nutritional studies.13,35 Blood contains molecules of 
various size and mobility: proteins, lipids, lipoproteins, cholesterol, 
low-molecular-weight metabolites and ions. Blood plasma is blood 
without cells, while blood serum is blood plasma without the protein 
components that constitute the clot. Protocols for serum/plasma sample 
preparation have been previously described.36 For some NMR 
applications serum may be preferred to plasma. Anticoagulant 
problems such as fibrinogen precipitation on freezing and thawing are 
avoided if serum is used. Figure C1.3 shows an example of an 1H-
NMR spectra of human serum and its most characteristic identified 
peaks. 
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Figure C1.3. 1H-NMR spectra of human serum (real human serum is 
in blue and human serum mimic in red). and its most characteristic 
identified peaks. Adapted from M. Tiainen et al.37  
 
One major advantage of using NMR spectroscopy to study 
plasma and serum is that measurements can often be made with 
minimal sample preparation (usually with only the addition of 5–10% 
D2O for locking,  which is a process to control magnetic field in the 
sample so that the resonance frequencies do not drift; and a suitable 
standard in the sample or in an inner capillary for referencing or 
quantification purposes). Moreover, a holistic analytical profile can be 
obtained on the whole biological sample.  
For serum/plasma analysis, special consideration must be given 
to internal standards. DSS is not suitable because it has signals arising 
at 3.1 ppm (a triplet), 1.9 ppm (a pentet), and 0.8 ppm (another triplet) 
all of which correspond to methylene protons of the alkylic chain. TSP 
does not add any other signals apart from the sharp methyl resonance 
at 0 ppm but TSP must not be used because it interacts with proteins.38 
One general way to use TSP as a reference substance is to 
introduce a co-axial inner capillary tube with the compound dissolved 
in D2O. This system prevents the TSP from interacting with the blood 
proteins and prevents the sample from being modified by deuterated 
solvents. Because of the stability of modern NMR spectrometers, 
‘Digital ERETIC’ (Digital Electronic REference To access In vivo 
Concentrations, Bruker®) is an interesting method for quantification 
in serum. It does not involve any reference substance but adds a digital 
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signal at a chosen frequency to the final corrected spectrum.39 This 
signal is previously calibrated against a reference sample and corrected 
taking into account the variation of the 90° pulse length, the number of 
scans and the receiver gain, always after the tuning and matching have 
been automatically adjusted.40 As will be seen below, this thesis 
focuses on the analysis of the glycoprotein signal between 2.15-1.90 
ppm of the 1H-NMR spectra. 
1.3.4. 1H-NMR in clinical field, a general overview 
1H-NMR profiling has led to a deeper understanding of disease 
pathogenesis and the identification of new biomarkers for disease 
diagnosis or treatment monitoring.41 There are some examples of the 
first steps in applying NMR to clinical practice. One of them is the 
creation of advanced lipoprotein tests where 1H-NMR serum or plasma 
measurements have been applied to determine lipoprotein subclass 
composition, size and functionality which has made it possible to 
predict, detect and monitor cardiometabolic diseases such as cardio 
vascular diseases (CVDs).13 Another example of the usefulness of NMR 
in the clinical field is the NMR-Based Screening for Inborn Errors of 
Metabolism, which are rare genetic disorders in which the body is not 
capable of converting food into energy. 1H NMR can detect numerous 
metabolites in urine along with the enzyme defects that cause the inborn 
errors of metabolism.27 
The quantification of serum/plasma NMR signals reflecting 
glycoprotein acetylation has been shown to be relate to the inflammatory 
status of patients.42 Increased circulating glycoproteins have been linked to 
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several pathologies such as  rheumatoid arthritis and its severity as well as 
to cardiovascular and cancer mortality among others.41 These findings 
suggest a potential utility of the NMR-based profiling for glycoprotein 
quantification as possible markers of systemic inflammation that could 
provide complementary information in clinical risk assessment. It is 
therefore a very encouraging challenge to translate this information into 
clinical practice. 
The use of advanced statistics, chemometrics and multivariate 
algorithms allows transforming a high data set into metabolic profiles, 
and ultimately into clinical information. 
 
1.4. Thesis motivation 
The doctoral thesis presented in this document is the result of 
the research conducted mainly in the Department of Electronic, 
Electrical and Automation Engineering at the Universitat Rovira i 
Virgili (URV) and the spin-off company Biosfer Teslab as a result of 
the 2014DI0029 industrial doctoral project from the Generalitat de 
Catalunya. Other research institutions have been involved in this 
research, such as the Metabolomics Platform, a joint research facility 
created by URV, the Research Unit of Lipids and Atherosclerosis 
(URLA) of Sant Joan University Hospital from Reus (HUSJR), the 
CIBER of Diabetes and Metabolic Diseases (CIBERDEM) and the 
Institut d'Investigació Sanitària Pere Virgili (IISPV). Figure C1.4 
shows the workflow of this thesis. 
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These collaborations have provided a fruitful environment for 
the development of this project combining the interaction between 
three work areas:  
1) Clinical area, represented mainly by the URLA and other 
research groups at CIBERDEM and IISPV. These groups have 
made possible to collect samples of the inflammatory and 
cardiovascular diseases that are the subject of this thesis.  
 
2) Technological area led by the university's Metabolomic 
Platform whose main objective is to provide technical support 
to biomedical and clinical research groups in the field of 
metabolomics. Metabolomic Platform has provided technical 
support to carry out the analysis of samples by 1H-NMR and 
the necessary data processing algorithms and statistical and 
multivariate analysis tools for develop the glycoprotein 
analysis method.  
 
3) The industrialization and business development area. The 
company Biosfer Teslab, founded in December 2013 in Reus 
(Tarragona), operates in the field of in vitro diagnostics to 
provide analytical services to study and monitor alterations in 
lipid metabolism and its associated cardiovascular risk. and, 
bets on R&D as the main mechanism for its future survival. The 
knowledge and advice acquired in Biosfer, has allowed, on the 
one hand, to perfect the development of the methodology and, 
on the other hand, the future industrialization of the method. It 
is remarkable that the creation of Biosfer Teslab comes from 
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the results obtained by the research group in which the present 
thesis has been developed and which were based on the 
development of the patented and validated Liposcale test, an 
advanced lipoprotein test based on diffusion ordered NMR 
spectroscopy (DOSY-NMR) that measures the size, the lipid 
content and the number of the particles of the main types of 
lipoprotein (VLDL, LDL and HDL) and the concentration of 
particles of nine subtypes (large, medium and small of each 
main type).43 The purpose of the present thesis is to provide 
more functionality to this test, incorporating the results of the 
glycoprotein profiling, as a markers of systemic inflammation. 
 
In these years, Biosfer has achieved the industrial development 
of the Liposcale test surpassing all regulatory requirements to achieve 
CE certification and by the Spanish Agency of Medicine and Medical 
Devices (AEMPS) for manufacture of medical software for in-vitro 
diagnostic applications. It has also established solid research 
collaborations and has obtained good evaluations in different 
innovation and development projects. Reinforcing the innovative value 
of the company, since August 2014, Products and Technology (P&T) 
(a subsidiary of the Catalan pharmaceutical company Laboratorios 
Rubió) had become part of Biosfer's capital stock, enabling the 
industrial development and the introduction of new diagnostic tests in 
the clinic through a more consolidated business infrastructure, 
knowledge of the market and an extensive commercial network.  
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It is necessary to point out two main advantages of the 
realization of this thesis within this ambit. The first is that because the 
Liposcale test has a similar methodology based on 1H-NMR, the 
development of glycoprotein characterization can be done on the same 
NMR experiment used for Liposcale test. This means considerable 
experimental savings as well as a second perfectly qualified product 
(glycoprotein test) expanding the company's market field. Secondly, 
the development of this thesis within the Biosfer Teslab has a strong 
direct impact on society, as translational research takes place, bringing 
incalculable added value to the health sector and contributing to an 
improvement in the diagnosis and prognosis of inflammatory and 
cardiovascular diseases that are so frequent in society. 
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1.5. Hypothesis and objectives 
As discussed in the previous points, recently there is a growing 
interest in the study of new inflammatory markers that may help in the 
prognosis and diagnosis of some diseases. Most of the acute phase 
proteins that rise when there is an inflammatory process are 
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glycoproteins. Development of high-throughput methodologies to 
identify and quantify glycoproteins, as NMR based on ones, has 
become a present challenge in clinical research to provide clinicians 
with better tools for clinical diagnostic. In fact, several studies have 
recently been published in the literature showing the advantages of the 
NMR-GlycA marker over other traditional inflammatory markers such 
as CRP.15–17 These advantages include lower intra-individual 
variability15 and improved discriminatory capacity for CVD risk 
models44,45, among others.  
Due to all this, we hypothesize that the quantification of 
glycoproteins through 1H-NMR, will allow to measure in a more robust 
way the degree of inflammation that with the habitual markers that are 
used in the current clinic. 
 The aim of this thesis has been to develop and evaluate a novel 
method based on 1D 1H-NMR spectroscopy to quantify the 
serum/plasma circulating glycoproteins. Therefore, the goals related to 
this purpose are the following:  
• Methodological and computational design to robustly 
deconvolute the resonance region of glycoproteins in 
the 1H-NMR spectrum and characterization of the 
resulting functions included in the developed method.  
•  Characterization of glycoproteins in clinical sets of 
patients with rheumatoid arthritis, obesity, polycystic 
ovary syndrome, diabetes and atherogenic 
dyslipidaemia, among others.  
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•  To evaluate the added value of glycoprotein profiling 
in the clinical field through the application of univariate 
statistical analysis techniques and multivariate models. 
 
1.6. Organization of the document 
This chapter has provided a general overview of the 
background and motivation for the realization of this thesis. As has 
been highlighted previously, interest in the search for new biomarkers 
that improve the diagnosis and prognosis of inflammatory diseases is 
constantly growing. Glycoproteins are good inflammatory biomarkers 
candidates that have been related to inflammatory diseases such as 
rheumatoid arthritis and even cardiovascular diseases. For this 
purpose, NMR spectroscopy appears to be a suitable analytical tool to 
develop novel methodologies, which will aid in the assessment of 
inflammatory diseases. The perfect cooperation between a clinical 
group in close contact with patients, a research group at the forefront 
of technological development and a spin-off company focused on 
reducing time between industrial research and the market access, 
makes potentially feasible the idea of enabling new technologies to be 
used in clinical environment 
Chapter 2 describes the different methodological approaches 
that have been carried out during the development the method that 
ensures a robust characterization of the glycoprotein peak in the 1H-
NMR spectra. It is divided into several sections dealing with 1D 1H-
NMR spectral data pre-processing, the development of the 
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deconvolving model by using lineshape fitting analysis, the study and 
characterization of functions (GlycB, GlycF and GlycA) and derived-
variables that compose the signal (areas and shape ratio H/W of each 
function) and finally, a section devoted to the study of the stability of 
the glycoprotein characterisation method as a function of time and 
different forms of sample storage. 
Chapter 3 presents the state of the art of the growing interest 
in 1H-NMR circulating glycoproteins determination and their 
application in the clinical field. The first part of the review describes 
the role of protein glycation and its relevance in the clinical field. The 
second part of the review focuses on the analysis of glycoproteins 
through NMR spectroscopy in different diseases such as cancer, 
metabolic disorders, CVD risk, human immunodeficiency virus (HIV)-
infection, chronic inflammatory diseases and psychological health, 
among others. 
Chapter 4 to 6 contain the results derived from the use on 
NMR glycoprotein characterization in different cohorts. Chapter 4 
describes our first attempt to characterize 1H-NMR plasma 
glycoproteins in a rheumatoid arthritis (RA) cohort. We studied the use 
of NMR derived glycoprotein profile as an inflammatory biomarker. 
We model the activity of RA to identify patterns indicating the severity 
of the disease based on DAS28 index, a measure of the disease activity 
of patients with RA. These results have been published in the Journal 
of Proteome Research. 
Chapter 5 describes the influence of sexual steroids and 
obesity on 1H-NMR glycoprotein profiles. We extend the previous 
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NMR glycoprotein profile by adding a new variable called GlycF. We 
studied this new glycoprotein profile in nonobese and obese women 
with polycystic ovary syndrome (PCOS) and compared them with male 
and female control subjects. These results have been submitted to the 
Journal of Proteome Research.  A second study carried out in the same 
population about the effect of post-prandial nutritional intervention 
consisted on protein, glucose and lipid intake on the NMR glycoprotein 
profile is still under preparation. 
Chapter 6 is a study focused on the description of plasmatic 
1H-NMR glycoprotein profile of patients with type 2 diabetes (T2DM) 
with and without atherogenic dyslipidaemia (AD) and to explore its 
association with their NMR lipoprotein profile. The second part of the 
study compares whether these new inflammatory markers based on 
NMR have a greater ability to discriminate specific patterns between 
different study groups than those commonly used in clinical settings 
such as CRP.  
Chapter 7 contain the general discussion and the conclusions 
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Plasma glycoproteins belong to the large family of acute-phase 
proteins (APPs), which are directly related to inflammatory disorders.1 
Research in this area is expanding as several studies suggest that the 
change in the concentration of APPs and the pattern of glycation of 
these proteins can influence cellular changes in a large number of 
diseases  2–4 so they can be regarded as diagnostic markers.5  
It should be noted that glycoproteome analysis is much more 
complex than proteome analysis because, unlike proteins in which 
amino acid sequences are unique, oligosaccharides and 
polysaccharides from glycans are normally composed of an enormous 
diversity of both linear and branched sugar residues, which increase 
the complexity of the glycoprotein structures.6 For this reason, the 
analysis of glycoproteins is often a technical challenge. In recent years, 
nuclear magnetic resonance (NMR) has played a major role as an 
analytical tool for metabolomic studies with biological fluids, 
especially for serum and plasma samples. A clear example of this is its 
application for the determination of lipoproteins.7 Unlike other 
techniques, NMR is capable of quantifying metabolites in a 
reproducible and effective way, so it is widely used in large 
epidemiological studies and has started to be introduced in routine 
clinical practice.8 In this review, we will focus on NMR as a promising 
technique for quantifying glycoproteins in serum or plasma. 
This review reflects the growing interest in determining proton 
NMR (1H-NMR) circulating glycoproteins and their application in the 
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clinical field, which will pave the way for these markers to be used in 
the prediction and monitoring of several diseases. 
 
3.2. Glycoproteins, a biochemical approach 
3.2.1. Proteins, general concepts  
Proteins are synthesized in the body through a process called 
translation, which occurs in the cytoplasm and involves converting 
genetic codes into proteins. Each type of protein consists of a precise 
sequence of amino acids that allows it to fold up into a three-
dimensional shape, or conformation. Proteins are responsible for 
nearly every task of cellular life: providing the cell with its structural 
support in the case of cytoskeletal proteins, favouring chemical 
reactions in the case of enzymes, controlling intracellular traffic and 
the flow of substances between the cell and the outside, or regulating 
gene expression.  
However, proteins can undergo numerous chemical 
modifications in their structure that have important modulating effects 
on their biological function, alter their cellular location and capacity to 
interact with other proteins, or even determine their own degradation. 
These modifications occur in proteins once they have synthesized and 
are called post-translational modifications. 
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3.2.2. Post-translational modifications (PTMs) of proteins: 
Glycosylation  
PTMs increase the functional diversity of the proteome. These 
modifications include phosphorylation, myristoylation, farnesylation, 
cysteine oxidation, ubiquitination, acetylation, phosphorylation, 
glycosylation, methylation, nitrosylation, etc, and influence almost all 
aspects of normal cell biology and pathogenesis.9 Glycosylation is the 
addition of one or more chains of carbohydrates (glycans) to a protein. 
This is the main chemical modification of most plasma-membrane and 
secretory proteins.10 Glycoproteins participate in many key biological 
processes including cell adhesion, molecular trafficking and clearance, 
receptor activation, signal transduction, and endocytosis. Most of the 
proteins in blood plasma (except for albumin) are highly glycosylated, 
and the glycosylation of these and other secreted proteins can provide 
solubility, hydrophilicity and negative loading, thus reducing 
unwanted intermolecular interactions and protecting them against 
proteolysis or simply varying their function. Cell surface membrane 
proteins, such as receptors, adhesion molecules and channels, are also 
typically glycosylated, and this modification can also change their 
function.11 
Glycosylation is regarded as the most complex PTM because 
of the large number of enzymatic steps involved.12 Most of the proteins 
secreted in eukaryotic cells are translocated to the endoplasmic 
reticulum (ER) where they are folded, modified and subjected to 
quality control mechanisms. The protein component of all 
glycoproteins is synthesized in the rough ER (RER). They then make 
their way through multiple stacks of the Golgi apparatus (from cis 
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Golgi to trans Golgi), finally being distributed to various destinations 
from the trans-Golgi network. This is where the addition of glycans to 
the polypeptide chain of the protein occurs by complex dynamic 
interactions between hundreds of enzymes such as glycosyltransferase 
reactions, enzymes that transfer activated forms of monosaccharides 
from nucleotide sugars and lipid-linked sugar intermediates to 
acceptors including proteins, lipids, and growing glycan chains.11 
Some of these activated forms of monosaccharides are mannose, 
fucose, galactose, N-Acetylglucosamine (GlcNAc), N-
Acetylgalactosamine (GalNAc), N-acetylneuraminic acid (Neu5Ac) or 
sialic acid, among others. Figure C3.1 shows an overview of the 
cellular organization of glycosylation. 
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Figure C3.1. Initiation and maturation of glycoproteins in the ER–
Golgi–plasma membrane pathway. This illustration outlines an 
overview of the mechanisms for initiation, trimming, and elongation of 
the glycoprotein in a human cell. Orange and blue spheres represent 
the addition of glycans chains to proteins (in green) in the Golgi 
apparatus. Examples of N-glycans structures (a) and O-Glycans 
structures (b) are also represented. 
 
Protein glycosylation encompasses N-glycans, O-glycans, and 
glycosaminoglycans (frequently referred to as proteoglycans).13 N- and 
O-glycosylation are the most commonly detected types. The structures 
of N- and O-linked oligosaccharides are very different, and different 
sugar residues are usually found in each type.14  In all N-linked 
oligosaccharides,  GlcNAc is linked to the amide nitrogen of the 
asparagine (Asn) of a consensus peptide sequence Asn-X-Ser 15 (with 
X being any amino acid except proline) and they always contain 
mannose. This glycosylation usually has several branches each 
terminating with a negatively charged Neu5AC or sialic acid 
residue.14,16,17 However, O-linked oligosaccharides are linked to the 
hydroxyl group of serine (Ser) or threonine (Thr) via GalNAc or (in 
collagens) to the hydroxyl group of hydroxylysine via galactose and 
they are generally short, often containing only one to four sugar 
residues. 14,16,17 
It is important to note that O-glycosylation is more abundant 
intracellularly and has been associated mostly with protein signalling 
and intracellular mechanisms, while N-glycosylation is predominant in 
circulating proteins.18 In addition, N-glycan synthesis can be easily 
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altered by pathophysiological conditions such as inflammatory and 
autoimmune diseases and in the pathophysiological process of aging, 
which is why N-glycans are emerging as powerful and reliable 
biomarkers of several diseases15 as we shall see below. 
 
3.3. Clinical importance of glycoproteins 
Both N-glycans and O-glycans play an important role in the 
functions of the glycoprotein involved in various cell recognition 
signals and pathological situations,17,19–24 so they are potentially potent 
and reliable biomarkers of various diseases. Because of the large 
number of biological processes in which glycans participate, it is not 
surprising that defects in the synthesis of glycans can be the direct 
cause of numerous diseases and, therefore, markers of the disease.5 It 
was not until the 1980s that NMR began to arouse great interest in the 
search for clinically relevant markers, includingAPPs.25  Since before 
1987, it has been reported that the concentration of plasma 
glycoproteins changes in a number of clinical disorders characterised 
by inflammation (e.g. different types of cancer, rheumatoid arthritis, 
some liver diseases, trauma, etc) and pregnancy.26–30 The altered 
synthesis of N-glycans is thought to underlie these pathological 
conditions.15 It is important to note that most serum glycoproteins have 
N-linked, and less frequently O-linked, sugars in their structure. 
Nonetheless, there is still much to learn about the role of glycans in 
disease mechanisms. However, as more information on protein 
glycation emerges, it becomes increasingly clear that glycation is 
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strictly regulated and that the binding of glycan to proteins is of 
paramount physiological importance.31 
In general, the most studied glycoproteins of clinical 
importance are the glycoproteins of the cell membrane, whose glycans, 
called glycocalyx, play important roles in the immune response. For 
example, selectins are a widely studied family of membrane proteins 
that are glycosylated and play a crucial role in the recruitment of 
leukocytes, the onset of the immune response and the onset of 
inflammation.32 It has been shown that the deregulation of selectins or 
their glycoprotein ligand  are associated with atherosclerosis, 
thrombosis and even the metastasis of tumours.33   
We want to place special emphasis on the glycoproteins of 
human plasma, which in recent years have been attracting considerable 
interest as possible biomarkers of disease.34 Human plasma 
glycoproteins belong to the large family of APPs, which are 
characterized by increasing or decreasing their concentration (positive 
or negative acute-phase proteins respectively) by up to 25 percent 
during inflammatory disorders.1 Most of these APPs are glycosylated 
proteins secreted from hepatocytes.35 The alterations in the 
glycosylation of these proteins indicate cellular changes in a large 
number of diseases, which is why they can be regarded as diagnostic 
markers of a disease. Numerous changes in the glycosylation of serum 
proteins have been reported for inflammatory diseases. Table C3.1 
shows some examples of glycation changes in serum glycoproteins that 
have been associated with various inflammatory diseases. 
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Table C3.1: Examples of serum protein glycation changes and their association with disease 
 
Glycoprotein Glycation change Related diseases References 
Alpha 1-Acid 
 Glycoprotein (AGP) 
Highly branched 
 N-linked glycan 
Cirrhosis and HCC, 
congenital disorders, RA, 
SLE 
176,177 
Increased sialylation Cancer 178 
Decreased sialylation Cirrhosis and HCC 176,179 
Increased fucosylation liver cancer 180 
Alpha-Fetoprotein Elevated bisecting  
N-acetylglucosamine, decrease in sialylation and increase in fucosylation 





Increased fucosylation alpha Hepatitis C, HCC 184,185 
Decrease in branching, predominance of alpha 2-6 linked sialic acid and 
less alpha 2-3 linked sialic acid 
Breast and ovarian 
cancer 
186 
Oligosaccharide branching and increased sialic acid content Acute general 
inflammation 
187 
Increased glycan branching RA 188 
Transferrin Increased branching and fucosylation  
of N-glycans. Increasing peripheral N-acetylglucosamine residues 
Ovarian, breast 
 and colon cancer, HCC, 
Cirrhosis, hepatitis 
189,190 
Increased fucosylation and sialic  
acid-linked to galactose 
Liver disease 191 
Haptoglobin (Hp) Increased fucose and N-acetylglucosamine Alcoholic liver disease 192 
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Increased fucosylation Various types of cancer 
and RA 
193–196 
O-glycans ad fucosylation Prostate cancer 197 
Inmunoglobulin G 
(IgG) 
Decreased galactose RA, SLE, IBD, ovarian 
cancer, prostate cancer 
198–204 
Increased N-acetylglucosamine residues (controversy) RA 205,206 
Inmunoglobulin A (Ig 
A) 
Reduced galactosylation of O-linked glycosylation  Nephropathy  207,208 
 
Abbreviations: HCC, Hepatocellular Carcinoma; SLE, Systemic Lupus Erythematosus; RA, Rheumatoid arthritis; IBD, inflammatory bowel 
disease. 
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3.4. Measurement techniques for glycoprotein 
determination 
3.4.1. Traditionally used techniques to measure glycated proteins 
Various techniques have been used to measure individual 
glycated proteins. Examples of these are Lectin analysis,36 DNA 
sequencing equipment-Fluorophore Assisted Carbohydrate 
Electrophoresis (DSA-FACE),15 chromatographic methods such as 
high performance liquid chromatography (HPLC)37 or hydrophilic 
interaction liquid chromatography (HILIC),36 MALDI-TOF analysis 
of tryptic glycopeptides,36 electrophoresis,27 MS38 or the recently 
developed glycoblotting method that combines the BlotGlycoABC 
bead and MALDI-TOF MS to detect abnormal glycosylation patterns 
in the whole serum glycoproteins.39,40 In a recent review, A. Conelly et 
al. described the current assays of glycoproteins in biological fluids, 
among which were the enzyme linked immunosorbent assays 
(ELISAs), electrochemiluminescence immunoassay (ECLIA), 
luminex based assays, radioimmunoassays (RIA) and nephelometric 
assays, which quantify the amount of protein in biological samples.41 
Most of these techniques measure a specific individual 
glycoprotein. However, measuring the glycan portion of inflammatory 
proteins is becoming increasingly useful for diagnostic purposes.41 
Some of the newest high-performance techniques such as mass 
spectrometry (MS) and nuclear magnetic resonance spectroscopy 
(NMR), which have recently been introduced to the clinical laboratory, 
have been used for this purpose. 
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It is important for techniques to be cost-effective so throughput 
must be high and molecular measurements absolute. For this reason, 
MS and NMR have been the most used techniques. MS is used for more 
detailed characterizations and is based on mass difference, but it 
produces complicated spectroscopic data and is expensive. NMR, 
however, is currently the only methodology capable of providing 
reproducible quantifications of high-performance metabolites in a 
cost-effective manner.8 It has also been widely used in recent years to 
quantify lipoproteins in a fully optimized way and has generated 
considerable medical advances.7 Although NMR is not as specific as 
MS, one major advantage is that in a very short time it can provide a 
complete metabolic profile of a serum or plasma sample.8 
In this review, we focus on 1H-NMR applications based on 
methods for quantifying circulating glycoproteins. The great versatility 
of NMR and the integrated computational methods of systems biology 
provides robust and reliable tools for biomedical research. 
 3.4.2. Serum/ plasma NMR glycoprotein analysis 
As mentioned in the section above, measuring lipoproteins in 
plasma and serum has been a key issue in recent years. Similarly, the 
measurement of glycoproteins is becoming increasingly important, 
particularly because they can be quantified from the same experiment 
used for lipoproteins, which means considerable savings and maximum 
profitability. Another major advantage associated with NMR is the low 
experimental variability between laboratories. In fact, greater 
variability is due to interpersonal variability itself and measurements 
on different days.42  
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3.4.2.1. Sample handling and preparation 
Serum and plasma fractions are taken from blood samples that 
have undergone various biochemical protocols after collection.43  In 
the case of serum, coagulation factors (i.e. fibrinogen) and blood cells 
are removed by centrifugation, while plasma is typically obtained from 
blood samples with an added anticoagulant agent (i.e. heparin or 
EDTA). These agents produce high intensity peaks (EDTA) or 
overlapping signals (heparin) in the NMR spectra,44 which is why for 
some NMR applications serum may be preferred to plasma. However, 
the metabolic profiles detected in plasma and serum by NMR are 
comparable although signals from EDTA complicate the plasma 
spectrum profile.45 
One major advantage of NMR in the study of plasma and/or 
serum is that measurements can often be made with minimal sample 
preparation. Normally, in NMR experiments on biofluids samples only 
require the addition of phosphate buffer in a small volume of 
deuterated solvent, and an internal standard for chemical shift 
reference and quantitative normalization.  
3.4.2.2. Sample storage 
For the analysis of lipoproteins and other plasma/serum 
metabolites by NMR, some storage issues have to be considered. 
Samples can be stored in good refrigerated conditions for several days 
at 2–4°C, and up to 7 days at temperatures below 4°C.46 They can be 
successfully stored at -20°C for a moderate period of time (up to 1–2 
months), but some enzymes, such as plasma esterase, may still be 
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active at this temperature. Therefore, for longer storage periods -70°C 
or -80°C is required.47 In terms of stability, some studies report a high 
degree of stability of glycoproteins measured by NMR in frozen 
samples and stored for more than 10 years.48 
However, the protocols established for the preservation of 
serum and plasma samples may be used in order to minimize a possible 
variability in the results obtained by different analytical platforms.44,49 
3.4.2.3. Processing of NMR spectra for glycoprotein profiling 
The procedure for obtaining the spectrum before quantification 
of the glycoproteins has been extensively described.7 Briefly, the 
spectrum goes through several phases before it is for glycoprotein 
quantification. First it is obtained by applying one or more pulse 
sequences. Generally, the most standard pulses are the Nuclear 
Overhauser Effect Spectroscopy (NOESY)-presaturation sequence 
that acquires a quantitative serum spectrum by suppressing the water 
peak, the Carr-Purcell-Meiboom-Gill (CPMG) pulse sequence that 
acquires low molecular weight metabolites, a diffusion-edited pulse 
sequence with bipolar gradients and, finally, the longitudinal eddy-
current delay (LED) with presaturation of the water signal. Most 
authors use a single pulse for glycoprotein profiling, the most common 
being CPMG, although LED or NOESY are also used, as can be seen 
in table C3.1S of supporting information. The next step is to apply 
an algorithm to quantify the region in which glycoproteins resonate. 
Several algorithms have been described in the literature; binning, peak 
alignment, and combinations of peak alignment and data reduction 
such as PARS, the curve-fitting algorithm, the peak alignment tools in 
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HiRes, and targeted profiling.50  Figure C3.2 shows a scheme of the 




Figure C3.2. 1H-NMR glycoprotein analysis methodology. A, sample 
tube and spectrometer; B, examples of N-glycans with different 
residues attached to the protein chain by asparagine (Asn); C, 1H-NMR 
spectrum produced by the sample in which the region of the 
glycoproteins is marked. The chemical group producing this signal is 
indicated. 
 
In the case of glycoproteins, the region is a composite signal 
with a prominent peak centered at approximately 2.03 ppm of the 1H-
NMR spectrum. This signal is produced by the -COCH3 acetyl groups 
of N-acetylglucosamine and N-acetylgalactosamine and N-
acetylneuraminic acid.51 The resonances of the sugar ring protons of 
the glycoproteins are not clearly discernible in the plasma spectra 
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because of extensive overlap with the more intense signals from 
glucose.25   
Otvos et al. were the first to call the main peak of this signal 
“GlycA” (Glycoprotein acetylation) in 2015.52 Before this, other 
authors had referred to this same peak as N-acetyl glycoprotein (NAC 
or NAGs) or N-Acetyl glucosamine (NAG). The low detection 
sensitivity of NMR means that species present at concentrations less 
than about 20 µmol/L are undetectable under the conditions of 
measurement. So, only a small subset of acute phase glycoproteins 
make meaningful contributions to the GlycA signal.52 It appears that 
measured GlycA concentrations are mainly due to contributions from 
1-acid glycoprotein, haptoglobin, 1-antitrypsin, 1-
antichymotrypsin, and transferrin.25,52 With the exception of 
transferrin, the circulating concentrations of the proteins that constitute 
the GlycA signal increase during the acute-phase response.48 This 
heterogeneous composition is a challenge for future research since 
NMR alone cannot accurately measure the concentration of each of the 
individual proteins in the signal. However, complementary studies 
using NMR and other techniques such as immunoassays and even 
machine learning techniques have shown that 1-acid glycoprotein is 
the major contributor to the signal, followed by 1-antitrypsin.25,48,52,53 
During the present decade, several research groups have 
focused on developing methods to determine 1H-NMR glycoproteins. 
Some companies that specialize in the analysis of other metabolites, 
such as lipoproteins, have expanded their services by also offering the 
analysis of glycoproteins since, as mentioned above, they are obtained 
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from the same spectrum. A clear example of this is the NMR-algorithm 
(Lipoprofile®) at LabCorp, Inc. (formerly LipoScience, Inc.), which 
quantifies GlycA in plasma.52 Another example is Nightingale Health 
Ltd (formerly Brainshake, Ltd.), which also quantifies GlycA in serum 
samples.54 Also noteworthy is Biosfer Teslab S,L (Liposcale®). This 
company recently developed a method for analysing glycoproteins by 
1H-NMR spectra analysis which obtains parameters other than GlycA 
such as GlycB (concentration of acetyl groups of N-acetylneuraminic 
acid) and ratios H/W GlycA and H/W GlycB, which provide 
information on the function in each case. This function depends on its 
height, which is related to the concentration, and its width, which is 
related to the flexibility and the aggregation of the molecules 
generating the signal. Higher and narrower signal peaks have been 
related to some inflammatory pathologies.51 The glycoprotein profiling 
methods mentioned will be described in the section below. 
3.4.2.4. Glycoprotein profiling methods 
Considering that in NMR the integrated surface (area) of the 
absorption signal is proportional to the number of nuclei that pass from 
the fundamental state to the excited state, integrating isolated signals 
is the classical approach to estimating the concentration of 
glycoprotein acetyls. Many authors use this method of integration to 
quantify the signal.45,55–63 However, this approach is very sensitive to 
baseline distortions and it is not recommended for overlapping peaks. 
The results in many cases are expressed in ‘units of detected protons’ 
with one unit corresponding to the area of the proton NMR signal 
detected on 1 mmol/l formate in 1 ml of serum.45 
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Most of the studies reported in the literature, especially since 
2015, use the following two methodologies to analyse the 1H-NMR of 
glycoproteins.  This information is reflected in supporting 
information table C3.1S. 
3.4.2.4.1. The method by Otvos et al. 
The experimental NMR spectroscopy used by Otvos et al. to 
quantify GlycA is exactly the same as the one used in the numerous 
clinical studies carried out to assay lipoprotein subclasses and lipids 
described above. Briefly, they performed a curve fitting method to 
quantify the particle concentration and mean particle size of various 
lipoprotein subclasses (LipoProfile®)64 at Liposcience Inc (acquired 
by Labcorp in 2014). For glycoproteins, they acquired the serum 
spectra in the same way as NMR LipoProfile® test spectra but in a 
single block of 8 scans. The GlycA signal was quantified by non-
negative linear least-squares deconvolution of the 1.86-2.07 spectral 
region using proprietary software and the same singular value 
decomposition computation used for NMR LipoProfile® analysis.46,65 
The deconvolution models include a library of allylic proton reference 
spectra from 57 isolated lipoprotein subclasses (20 HDL, 9 LDL, 28 
VLDL/chylomicron) that were obtained for use in the NMR 
LipoProfile® deconvolution model, sets of slightly offset narrow 
Lorentzian signals to model the chemical shift microheterogeneity of 
glycoprotein GlcNAc methyl signals centered at 2.00 ppm and also at 
other downfield locations (~2.02-2.05 ppm), a plasma protein 
reference spectrum background from amino acid residues on albumin 
and other plasma proteins.  Summing the derived amplitudes of the 10 
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Lorentzian components between 1.99 and 2.01 ppm gives the sample’s 
GlycA signal amplitude (US 2013/0328561 A1 patent). They applied 
a correction factor of 17.8 µmol/l of glycoprotein N-acetyl methyl 
group concentration units.52 They evaluated the contribution of the 
acute phase proteins 1-antitrypsin, haptoglobin, transferrin, 
fibrinogen, IgG 1-acid glycoprotein, 1-antichymotrypsin, and 2-
macroglobulin. Their results indicated that from these proteins, IgG, 
fibrinogen and 2-macroglobulin gave rise to no detectable GlycA 
NMR signal, while the other five acute-phase glycoproteins appear to 
have mobile glycan chains that would produce GlycA signals in 
proportion to their glycan GlcNAc concentrations.52 
3.4.2.4.2. The method by Ala-Korpela et al. 
In 2014, the Finnish company Brainshake (known as 
Nightingale Health Ltd since 2017) became a serum NMR 
metabolomics platform that measures more than 200 metabolites, 
including glycoprotein acetyls, in a highly automated way.66 The 
experimental protocols are based on the lipoprotein profile 
characterization developed by Ala-Korpela, P. Soininen and 
colleagues in which they set up a curve fitting model by using 
Lorentzian functions with an in-house algorithm for deconvoluting the 
signals that mathematically optimized the half-line width, the 
resonance frequency and the intensity for each Lorentzian function.67  
Their NMR metabolomics platform includes three molecular windows 
for analysing the NMR spectrum: the LIPO window, the LMWM 
window, and the LIPID window. The LIPO window uses a Bruker 
NOESY  solvent pre-saturation pulse sequence to analyse the largest 
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molecules, and lineshape fitting and regression methods to quantify the 
number of particles in each lipoprotein subclass and their content 
(mainly cholesterol and triglycerides). The LMWM window uses a 
Bruker 1D CPMG pulse sequence to analyse low molecular weight 
metabolites. And the LIPID window uses lipid extraction procedures 
to provide information about saturated and unsaturated fatty acid 
families, free and esterified cholesterol, sphingolipids and 
phosphoglycerides.8 The peak of the glycoprotein acetyls is seen in the 
LIPO and LMWM window. For each metabolite a ridge regression 
model is applied for quantification to overcome the problems of 
heavily overlapping spectral data.68 Low-molecular-weight 
metabolites and lipid extract measures are quantified in mmol/L using 
regression modelling calibrated against a set of manually fitted 
metabolite measures. The calibration data is quantified using iterative 
lineshape fitting analyses and PERCH NMR software (PERCH 
Solutions Ltd., Kuopio, Finland). Absolute quantification cannot be 
directly established for the lipid extract measures because of 
experimental variation in the lipid extraction protocol. 68 
3.4.2.4.3. Other methodologies 
In 1987 Bell et al. were the first to assign the broad peaks 
centred at 2.04 ppm and 2.08 ppm to N-acetyl protons of N-acetylated 
carbohydrate side-chains associated with ‘acute-phase’ plasma 
glycoproteins. They used a Bruker AM500 spectrometer operating at 
500 MHz. To estimate the concentration of acute-phase glycoproteins 
in blood plasma by NMR, standard additions were made of a mixture 
of -acid glycoprotein, -antitrypsin, haptoglobin and transferrin. 
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Peak intensities were compared by weighing paper traces. They 
suggested that the concentration of glycoproteins responsible for the 
two signals (I, 2.04 ppm and II, 2.08 ppm) was 13 mg/ml in the plasma 
of normal subjects.25 
De Meyer et al. implemented the adaptive intelligent (AI)-
Binning algorithm.50 Briefly, each point in the NMR spectral range of 
a specific bin is evaluated as a potential (candidate) new bin edge. This 
candidate bin edge virtually splits the current bin into two new bins, 
and the quality of the two new bins is compared with the quality of the 
current bin. In order to assess this bin quality, a measure known as bin 
value is defined. The detection of the -1 acid glycoprotein peaks was 
more straightforward with AI-Binning than with standard binning. No 
arbitrary parameters, reference spectra, a priori knowledge or data 
modifications are required for this protocol.50 Correia G. et al. used the 
R package BATMAN (Bayesian AuTomated Metabolite Analyser for 
NMR spectra) for deconvolution and relative metabolite quantification 
in the spectra.69 Lecuyer et al. used another integrative methodology, 
NMRPipe, to slice each 1D NMR spectrum into buckets of 0.001 ppm, 
containing NMR signals.70 The intelligent buckets were scaled to the 
total summed integrals for each spectrum and then used as the final 
input for the multivariable models.71  
Finally, many authors use the entire normalized spectrum to 
make statistical analyses with SIMCA,72–74 Orthogonal Projections to 
Latent Structures (O-PLS),75–77 Partial Least Squares-discriminant 
Analysis (PLS-DA),78,79 or Statistical Total Correlation Spectroscopy80  
(STOQSY).81 
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It should be noted that most of the studies described in this 
review use the methodology of Otvos (LipoScience-Labcorp) and Ala-
Korpela, Soininen et al. (Brainshake-Nightingale). Both 
methodologies provide the parameter GlycA as the absolute N-acetyl 
group concentration. As far as we know, no comparative study of the 
two methods has been published. However, to our knowledge, the first 
study in which GlycA data analysed with Vantera, a clinical NMR 
analyzer designed for clinical use, have been reported is the PREVENT 
study. A high correlation (a coefficient of 0.983) was reported between 
the Vantera analyser from LiposScience (Labcorp) and Brainshake 
(Nightingale Health Ltd) GlycA analysis methods.82 The studies in 
which other methodologies are used are not comparable with these two 
methods. Therefore, the N-acetyl NMR information needs to be unified 
in a single inflammatory marker such as GlycA. It would also be 
interesting to perform a comparative study of the results of the 
methodologies mentioned to quantify the N-acetyl groups of 
glycoproteins so that the studies can be comparable between them. 
 
 3.5.  1H-NMR glycoproteins clinical studies  
Although we have seen that several changes in the glycation of 
proteins give rise to disease and that they can be measured by several 
techniques, in this review we focus on the most recent conclusions in 
the literature on glycoprotein studies, particularly those drawn from 
1H-NMR studies.  
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A broad search of the literature was performed using Elsevier’s 
scientific database SCOPUS, PubMed, and the Google scholar 
database. SCOPUS (with cut-off dates between 1999 and 2019) was 
the main database searched and the following search terms were used: 
"Glycoproteins OR GlycA OR Glyc A" AND "NMR OR nuclear 
magnetic resonance OR H-NMR" AND "serum OR plasma" AND 
"marker OR biomarker". The search was completed with manual 
reference checks on Google Scholar and the PubMed database with the 
same keywords. The initial result of the search was 239 documents that 
were subsequently filtered by species (humans), English language and 
fields of no interest such as agricultural sciences. Finally, we discarded 
the articles that spoke of specific glycoproteins not detected by 1H-
NMR and articles that included NMR but only referred to lipids. As 
shown in the trend graph (Figure C3.3), the detection of glycoproteins 
by 1H-NMR has been a topic of great interest in recent years and the 
number of studies is progressively increasing. 
 
Figure C3.3: Trend graph of the number of research articles per year 
in recent years. 
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3.5.1. Former studies on 1H-NMR detection and identification of 
glycoproteins 
Prior to 1990, the literature search offered little clinical data on 
the detection of glycoproteins or glycans by 1H-NMR. However, some 
early works in 1983 and 1984 by Nicholson and colleagues reported 
assignments to peaks in the 1H-NMR spectrum83,84 and mentioned the 
assignment of the spectrum peaks for N-acetyls from sugars of 
glycoproteins.83 The first studies on the characterization of 
glycoproteins were carried out by Bell et al. in 1987 and determined 
the N-acetyl protons of highly mobile N-acetylated carbohydrate side-
chains associated with plasma glycoproteins (mainly α1-acid 
glycoprotein, α1-antitrypsin, haptoglobin, transferrin and 
immunoglobulins).25 In 1999, when even the signals of the N-acetyl 
groups in the 1H-NMR spectrum were not unequivocal, one of the first 
studies compared the glycoprotein signals with the levels of 
immunoglobulins detected by other biochemical methods.45 It was then 
theorized that both analytical approaches should be used with different 
strategies because NMR parameters were more suitable for 
longitudinal studies of chronic situations.45 These previous studies 
suggested that glycoproteins of acute-phase reactants, which reflect 
both acute and chronic inflammation,  may be useful for the detection, 
prognosis, and therapeutic monitoring of tissue damage marked by 
inflammation in several pathologies. 
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3.5.2. Clinical applications  
1H-NMR has been used to characterize glycoproteins in several 
pathologies since the first studies mentioned above. A summary can be 
found in table C3.2. A more detailed explanation of each of the studies 
in this section is reflected in table C3.1S of supporting information. 
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Table C3.2: Summary of 1H-NMR glycoprotein’s clinical applications 
 




 CSCC, BC, 
LC, CRC 
Increased circulating N-acetyl glycoproteins levels and increased GlcNAc-




Obesity Association between GlycA and the leptin/adiponectin ratio 94 
Correlation between GlycA and TG and lipids 96 
Correlation GlycA and branched chain amino acids 97 
Strong relationship of CRP, GlycA, and GlycB and insulin resistance 99 
Diabetes 
Mellitus 
1-acid glycoprotein as a predictor of future glycemia 110 
Associations of GlycA with higher IL-6 and CRP   112 
Associations of GlycA with future T2DM  82,111 
GlycA had a more robust correlation with CRP, plasma glucose, and measures  
of adiposity and insulin resistance than GlycB 
99,113 







GlycA/alpha1-acid glycoproteins or baseline circulating glycoprotein N-acetyl 





GlycA and GlycB strongly associated with future major adverse CVE 129 
GlycA and hsCRP was statistically significant for the outcome of death 130,131 
GlycA, and small and medium-size HDL particles proved to be independent 
predictors of cardiac death. 
132,133 
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Higher GlycA levels had lower life expectancy. 134 
All-cause 
mortality 
Positive association between 1-antitrypsin and increased risk of liver diseases, 
heart failure and COPD, and significant association between 1-acid glycoprotein 
and heart failure and chronic lower respiratory diseases 
53 
GlycA related to increased risk of alcoholic liver disease, chronic renal failure, 








RA GlycA is higher in RA patients than in controls. 51,139,140 
SLE GlycA levels increased with each unit increase in SELDAI. 142,143 
 
GlycA has been shown to be a good marker of systemic inflammation in lupus-
nephritis. 
141 
Psoriasis GlycA is increased in psoriasis. 146 
IBD GlycA in populations with ulcerative colitis and Chron's disease better reflects  
 inflammatory status than other classical markers. 
149 
CKD  GlycA was independently associated with albuminuria and inversely related to 
eGFR. 
157 
CHC Increased severity of fibrosis has been associated with higher NAC plasma levels. 76 
Cognitive 






GlycA is inversely related to global cognition, information processing speed and 
memory domains. 
158 









High levels of GlycA were confirmed in paediatric population with acute KD 
disease. 
163 
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  Multiple nutrient intake correlates with GlycA including fibre, LC-PUFA and w-3 
LC-PUFA and several vitamins and minerals.  
54 
GlycA and hsCRP were statistically significantly higher in obese than in 
overweight pregnant women. 
164 









Significant increase of N-acetyl glycoprotein in HAT patients. 170 
Sodium intake 
 






Similar significant associations between different measures of smoking behaviour 
and 
 higher GlycA and hsCRP levels. 
171 
Effect of exercise 
 
Regular exercise significantly reduced plasma GlycA. 68,100,172 
Effect of 
treatments 
Anti-TNF and  
monoclonal 
antibodies 






GlycA was the only marker of inflammation, among hsCRP, IL-6 and D-dimer, 
that decreased. 
138 
Statins Do not affect GlycA levels 133 
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Metformin Lower NAC serum levels in T2DM patients treated in metformin than in untreated 
patients. 
56 
Probiotics Greater gut microbiota richness is negatively linked with low-grade inflammation 




N-acetyl moieties of glycoprotein significantly increased (p<0.01) in valproate 




The high acute radiation sequelae were associated with increased signals of N-
acetyl glycoproteins 
63 
   
 
Abbreviations: OC,Ovarian cancer; CSCC, Cervical squamous cell carcinoma;  BC, Breast cancer; LC, lung cancer; CRC, 
colorectal cancer; GlcNAc, N-Acetyl glucosamine;  TG, total triglycerides;  CRP, C-reactive protein; IL-6, interleukin-6;  T2DM, type 2 
diabetes mellitus; MetS, metabolic syndrome; CVD, cardiovascular disease; CVE, cardiovascular event; COPD, chronic obstructive 
pulmonary disease; RA, rheumatoid arthritis; SLE, systemic lupus erythematosus; SELDAI, Systemic Lupus Erythematosus Disease 
Activity Index; IBD, Inflammatory bowel disease; CKD, chronic kidney disease; CHC, chronic hepatitis C; AD, Alzheimer disease; MCI, 
mild cognitive impairment; TA, Takayasu arteritis; KD, Kawasaki disease; PUFA, polyunsaturated fatty acids; PA, primary aldosterism; 
SCL, sickle cell disease.
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3.5.2.1. Tumours and cancer 
Cancer is the second leading cause of death globally and is 
estimated to have accounted for 9.6 million deaths in 2018. Biomarker 
research in this field has been becoming increasingly important in 
recent years for the diagnosis and prognosis of different kinds of 
tumour. Evidence in the literature shows that chronic inflammation is 
a potential factor associated with tumour development.73 Alterations in 
glycosylation patterns regulate the development and progression of 
cancer, potentially serve as important biomarkers and provide a set of 
specific targets for therapeutic interventions.21 Changes in 
glycosylation commonly associated with cancer include sialylation, 
fucosylation, increased GlcNAc-branching of N-glycans, over-
expression of truncated mucin type O-glycans and increased 
circulating N-acetyl glycoprotein levels.25 These changes increase 
structural glycan heterogeneity and alter the function of cells.85   
It was not until 1988 and 1989 that 1H-NMR began to be used 
as a new tool for studying the structural and metabolic modifications 
in cancer patients.55 In recent years, NMR-based body fluid 
metabolomic studies have been increasingly performed for the 
diagnosis and prognosis of the disease.86  
Breast cancer (BC) is the most frequent cancer among women. 
It affects 2.1 million women every year and causes the highest number 
of cancer-related deaths (WHO, 2018). In BC research so far, 
metabolomics has been generally used for the direct characterization of 
tumour metabolism alterations.72 1H-NMR has been used to 
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demonstrate that serum metabolite profiles derived from metastatic 
breast cancer (MBC) patients are different from localized early breast 
cancer patients (EBC). Compared to EBC patients, MBC patients 
display higher serum concentrations of N-acetyl glycoproteins (NAC1 
p<0.027 and NAC2 p<0.007),.72 Suman et al. reinforced these results 
when they found high levels of NAG among other metabolites such as 
hydroxybutyrate, lysine, glutamate, glucose, and lactate metabolites in 
BC patients, which were potentially useful for diagnosing BC 
progression.79 However, contrary to these results, in an NMR-based 
untargeted metabolomic study,  Lecuyer et al. reported lower plasma 
levels of glycoproteins, lipoproteins, lipids, acetone, glycerol-derived 
compounds, unsaturated lipids and a higher risk of developing breast 
cancer within the following decade.71 
Two 1H-NMR studies have been carried out in the cystic fluid 
of ovarian cancer57,87 but only one of them focuses on the N-acetyl 
groups of glycoproteins and shows that they are positively associated 
with the pathology.57 Studies on cervical squamous cell carcinoma 
(CSCC) have also shown an increase in the glycoprotein peak of the 
1H-NMR plasma spectrum, as well as the peak of other metabolites, 
compared with patients with cervical intraepithelial neoplasia (CIN).61 
Like BC, lung cancer is also one of the most common diseases 
worldwide (2.09 million cases according to WHO data for 2018). One 
of the negative points of this cancer is the asymptomatology of the 
early stages. Therefore, the search for predictive markers that make it 
possible to identify the presence of cancer is important for a good 
UNIVERSITAT ROVIRA I VIRGILI 
1H-NMR GLYCOPROTEIN ANALYSIS: AN ADVANCED APPROACH FOR INFLAMMATORY DISEASES DIAGNOSIS 
Rocio Fuertes Martín 
 
   CHAPTER 3 
   
67 
 
prognosis. Chronic obstructive pulmonary disease (COPD) is a 
predisposing factor for this type of cancer. Deja et al. reported an 
increase in N-acetylated glycoproteins in patients with multi-stage lung 
cancer compared to COPD patients. They also pointed out that the N-
acetylated glycoprotein signal is a useful marker for distinguishing 
between different stages of lung cancer.73  
Chandler et al. also showed a positive association between 
GlycA and incident colorectal cancer (CRC) and mortality by 
evaluating the baseline measurements of GlycA in two large cohorts – 
the Women’s health study (WHS) and the Multi-Ethnic Study of 
Atherosclerosis (MESA) – with a median follow-up period of 19 and 
11 years, respectively.88 
Duprez et al. also pointed out that among other inflammatory 
markers such as hsCRP, IL-6 and D-dimer, GlycA was the only one 
that was independently predictive of future cancer. It is curious to note 
the difference in importance in different ethnicities; GlycA did not 
predict total cancer in whites, but was a strong predictor in blacks, 
Chinese and Hispanics.89 
However, other studies have shown a different trend: a 
relationship between  low levels of NAG and the risk of developing 
hepatocellular carcinoma (HCC)75 and urothelial carcinoma (UTUC) 
in patients compared with healthy controls.62 In addition, another 1H-
NMR metabolomic study in glioma, the most common of all primary 
central nervous system tumours, showed a lower level of 
glycoproteins, among other metabolites.90 
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3.5.2.2. Metabolic disorders 
Obesity and diabetes are some of the most common metabolic 
disorders in which 1H-NMR glycoproteins have been studied. Both 
disorders are closely related to each other and to other pathologies such 
as cardiovascular diseases (CVDs) or metabolic syndrome (MetS). 
Systemic inflammation is hypothesized as a central mechanism. 
3.5.2.2.1. Obesity 
A higher body mass index (BMI) is characterized by higher 
leptin concentrations and decreased anti-inflammatory adiponectin 
levels. These parameters are determined with the leptin/adiponectin 
ratio, which is elevated in obesity and a marker of the adipose tissue 
production of pro-inflammatory cytokines and of insulin resistance in 
nondiabetic individuals.91,92 An important result in terms of 1H-NMR 
glycoproteins and obesity is the considerable association found 
between GlycA and the leptin/adiponectin ratio,93,94 which suggests 
that GlycA is a marker of adipose tissue-associated low-grade 
inflammation.  
Furthermore, GlycA has been shown to correlate with higher 
concentrations of triglycerides and other lipid levels, such as LDL 
cholesterol, in obese non-pregnant subjects95 and in obese and 
overweight pregnant women.96 The level of GlycA has also been 
shown to correlate with the amount of branched chain amino acids,95 
which along with aromatic amino acids are increased in obesity and 
insulin resistance,97 and also in type 2 diabetes.98 Lorenzo et al. also 
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found a strong relationship between C-reactive protein (CRP), GlycA 
and GlycB, and measures of insulin resistance and adiposity. 
Furthermore, GlycB has weaker relationships with CRP and measures 
of insulin resistance and adiposity than GlycA.99 
Strategies to reduce obesity such as an exercise-based lifestyle, 
diet and even bariatric surgery have been the subject of countless 
studies. One way to establish whether 1H-NMR glycoproteins are 
directly related to poorer health in obese patients is to study whether 
they vary when these strategies are carried out. Barlett et al. evaluated 
how an exercise-based lifestyle or exercise plus diet interventions for 
6 months modulate GlycA in sedentary adults with prediabetes. Their 
results showed a reduction in GlycA levels, which they associated with 
a decrease in visceral adiposity.100 GlycA has also been measured in 
obese patients undergoing bariatric surgery, which is the most effective 
therapy in cases of severe obesity. The most typical forms of bariatric 
surgery are Roux-en-Y gastric bypass and sleeve gastrectomy, both of 
which lead to substantial weight loss. Manmadhan et al. saw that 
postoperative changes in GlycA were very positively associated with 
changes in body weight, high sensitive CRP (hsCRP) and glycated 
haemoglobin (HbA1c), and inversely with changes in the mean particle 
size of HDL and adiponectin.101 
Few studies have been conducted in children or adolescents. 
One of them, a cohort of 1664 US adolescents from the HEALTHY 
study, showed that high GlycA values were associated with higher 
BMI and more related to girls than to boys, which can be explained by 
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the progression of puberty.102 A second study in an adolescent 
population showed a significant reduction in GlycA after 12 weeks of 
lifestyle intervention consisting of weekly nutrition and health classes 
delivered by promoters (bilingual, bicultural health educators) and 3 
days per week of moderate to vigorous physical activity. Decreases in 
GlycA were associated with decreases in 2-hour glucose (p<0.008) and 
BMI (p<0.03).103 
3.5.2.2.2. Diabetes Mellitus  
Diabetes is a chronic disease that occurs either when the 
pancreas does not produce enough insulin (type 1 diabetes) or when 
the body cannot effectively use the insulin it produces (type 2 
diabetes).104 Low-grade systemic inflammation has been associated 
with the risk of diabetes.105,106  
The association of circulating levels of inflammatory proteins, 
in particular APP, in type 2 diabetes (T2DM) is well described in 
prospective epidemiological studies.107–109 One of the largest studies 
was conducted in 2012 by Würtz et al, who investigated the 
associations of circulating metabolites with fasting and post-loading 
glycemia before disease onset. They pointed out that -acid 
glycoprotein is a predictor of future glycemia, and underlined the 
importance of prolonged inflammation as a risk marker for attenuating 
glucose tolerance.110 In a set of 26,508 women enrolled in the WHS, 
Akinkuolie et al. showed the potential role of glycans in the risk of 
T2DM by showing that several APP was associated with the risk of 
developing T2DM111 Connelly et al. confirmed the findings of 
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Akinkuolie et al.111 by showing that in 4,525 participants of the 
Prevention of Renal and Vascular End-stage Disease (PREVEND) 
study, GlycA was an independent predictor of T2DM even after 
adjusting for traditional diabetes risk factors and hsCRP.82 Moreover, 
in PREVEND the associations of GlycA with future T2DM were 
similar for men and women while the hsCRP associations appeared to 
be stronger in women than in men. Another study on patients with 
T2DM hospitalized for diseases such as congestive heart failure 
(CHF), cardiac non-CHF, infection, and other noncritical diseases 
showed that there were differences in inflammatory markers across 
disease states. GlycA was associated with higher IL-6 and CRP, with 
values being highest in T2DM patients with infectious diseases.112 
Lorenzo et al. studied the relation of GlycA, GlycB, and CRP 
with direct measures of insulin sensitivity. They found that CRP levels 
and GlycA were higher in T2DM than in isolated impaired glucose 
tolerance, but GlycB was not increased. They also found that GlycA 
had a more robust correlation with CRP, plasma glucose and measures 
of adiposity and insulin resistance than GlycB.99 In line with these 
results from Lorenzo et al, Filezova et al. also found a positive 
association between GlycA and impaired insulin secretion in a 
population of 5,401 non-diabetic men from the prospective Metabolic 
Syndrome in Men study (METSIM), in addition to the above-
mentioned results by other authors with hyperglycemia, incident 
T2DM and CVD.113 
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In contrast to these results, some authors have found inverse 
relationships. Rawat et al. found that residual signals of N-acetyl 
glycoproteins were lower in diabetes patients with inadequate 
glycaemic control and with diabetic neuropathy, nephropathy, and 
cardiovascular disease than in healthy controls.114 They attribute this 
to possible greater oxidative damage, but more studies are needed to 
find a solid explanation. Likewise, Gruppen et al. found in one study 
that GlycA was not positively associated with T2DM.115 However, in 
a similar study, they subsequently verified that GlycA was higher in 
subjects with either T2DM, MetS or both.116  
3.5.2.2.3. Metabolic Syndrome (MetS) 
MetS is a clustering of cardiovascular risk factors with insulin 
resistance as a major feature. This syndrome has been defined in 
various ways, but generally consists of three or more of the following 
components: hyperglycemia, hypertension, hypertriglyceridemia, low 
HDL, and increased abdominal circumference and/or BMI at >30 
kg/m2.117 
Pro-inflammatory markers such as white blood cell counts and 
plasma levels of coagulation factors (fibrinogen and plasminogen 
activator inhibitor 1), APP such as CRP and serum amyloid A (SAA), 
pro-inflammatory cytokines (tumour necrosis factor (TNF)-a, IL-1b 
and IL-6), and chemokines are positively correlated with insulin 
resistance and the features of the metabolic syndrome in most cases.118 
Little information is available on the relationships of MetS with other 
pro-inflammatory biomarkers but increased levels of glycosylated APP 
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(GlycA) have been associated with MetS and negatively related to 
bilirubin levels.93 This may represent a quantitative measure of a pro-
inflammatory state. 
In line with these results, Gruppen et al. found a higher 
concentration of GlycA in MetS subjects and a positive correlation of 
GlycA with cholesterol acetyl transferase (LCAT), systolic blood 
pressure, BMI, waist circumference and plasma triglycerides. The 
correlation with HDL cholesterol was inverse.116,119 
3.5.2.3.  CVD risk and all-cause mortality prediction 
In the clinical field, the hsCRP marker has been strongly 
associated with CVD,120,121 as have other widely used markers such as 
IL-6, which has been more strongly related to all-cause death than 
CRP.122 Interestingly, in the last few years, several studies have pointed 
to 1H-NMR glycoproteins, specifically GlycA, as better predictors of 
the risk of CVD and all-cause mortality in both the general population 
and the population at high risk of CVD.82,88,89,111,123,124  
3.5.2.3.1. Apparently healthy population 
GlycA has been measured in apparently healthy individuals 
from large population studies such as WHS, ‘Justification for the Use 
of Statins in Primary Prevention: An Intervention Trial Evaluating 
Rosuvastatin’ (JUPITER) trial, and MESA. In all of them elevated 
baseline circulating glycoprotein N-acetyl methyl groups were 
associated with longitudinal risk of CVD incidence and mortality, 
among other pathologies such as chronic inflammatory-related severe 
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hospitalization, cancer or death.89,124–126  Considering the results, the 
authors  defend GlycA's role as an important predictor of 5 to 15-year 
risk of CVD.123,124 In these studies, the predictive capacity of GlycA 
was independent of age, sex, modifiable lifestyle risk factors, 
medication, and disease prevalence. 
A large study conducted by Ritchie et al. in 2015 focused on 
GlycA levels in a population of 11,825 individuals from three different 
cohorts; i) the Dietary, Lifestyle, and Genetic Determinants of Obesity 
and Metabolic syndrome (DILGOM) study; ii) a large Finnish 
population survey on risk factors on chronic, noncommunicable 
diseases (FINRISK); iii) and the Cardiovascular Risk in Young Finns 
Study (YFS). The results suggested that in apparently healthy 
individuals, GlycA may be chronically elevated for periods of up to a 
decade; in individuals with elevated GlycA, cytokines also increased 
slightly, which suggested a prolonged low-grade inflammatory state. 
GlycA strongly predicted the future risk of hospitalization and death 
from infection.48 
Benson et al. wanted to take one step further and, in 6,479 
MESA participants, demonstrated that lower levels of GlycA were 
related to cardiovascular health (CVH) as defined by Life's simple 7 
score (LS7), which includes seven individual health metrics (smoking, 
physical activity, BMI, diet, total cholesterol, blood pressure, and 
blood glucose). LS7 scores were categorized into CVH groups 
classified as “optimal” (12-14), “average” (8-11) or “inadequate” (0-
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7). GlycA was independently inversely associated with continuous LS7 
scores.126 
3.5.2.3.2 Prediction of CVD in high-risk populations 
Recently, glycoprotein acetyls have been strongly related with 
myocardial infarction (MI), ischemic stroke (IS) and intracerebral 
haemorrhage (ICH).127 GlycA and its role in improving the prediction 
of CVD risk in high-risk populations has also been described.128 
Some studies carried out on patients from the angiography 
registry of the Intermountain Heart Study demonstrated that baseline 
levels of both GlycA and GlycB were strongly associated with future 
major adverse cardiovascular events.129  In addition, GlycA proved to 
be an independent predictor of cardiac death.130 Muhlestein et al. 
studied 2,996 patients undergoing angiography for coronary artery 
disease (CAD) from the same trial, and determined that the interaction 
between GlycA and hsCRP was statistically significant for the outcome 
of death.131 
On another note, Correia et al. evaluated changes in key 
metabolites in 28 children undergoing surgery for congenital heart. A 
relationship was found between inflammation and metabolic 
derangement in the days after surgery for congenital heart disease with 
an increase in N-acetylated glycoprotein fragments immediately post-
surgery.69 
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3.5.2.3.3. Life expectancy prediction and all-cause mortality 
In line with these results, McGarrah et al. studied 7,617 cardiac 
catheterization patients from the CATHGEN biorepository. They also 
found a strong association of GlycA with mortality, CAD and all-cause 
mortality, cardiovascular and non-cardiovascular. They noted that the 
individuals at highest risk of dying were those who had diabetes and a 
higher concentration of GlycA, followed by those without diabetes but 
with high concentrations of GlycA, and finally individuals with 
diabetes but lower concentrations of GlycA. On the other hand, the 
GlycA and smaller HDL subclasses had independent but opposite 
effects on mortality risk prediction, with smaller HDL subclasses being 
protective.132 
A sub-study analysis of the trial Atherothrombosis Intervention 
in Metabolic Syndrome with Low HDL/High Triglycerides and Impact 
on Global Health Outcomes (AIM-HIGH) conducted by Otvos et al. 
confirmed and extended the previous findings. GlycA predicted CVD 
events and mortality in high-risk patients with established CVD who 
had achieved very low LDL-C levels. All-cause mortality was 
significantly associated with both GlycA and low levels of small HDL 
particles.133 
The remaining life expectancy is an increasingly used measure 
of survival. Gruppen et al. determined that men and women from the 
PREVEND study with higher GlycA levels had a lower life 
expectancy, while high levels of hsCRP were only related to a lower 
life expectancy in men.134  
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3.5.2.4.  Human Immunodeficiency Virus (HIV)-infection 
As far as we know, there is only one study in the literature that 
relates GlycA to HIV infection. Tibuakuu et al. investigated the 
association of GlycA with CVD risk in HIV infection, since in these 
patients the risk of CVD is higher than in people who are not 
infected.135,136 They showed that GlycA levels were higher in men who 
were HIV-infected than in those who were not, and higher in men with 
detectable versus undetectable viral load. In HIV men with plaque, 
GlycA was positively associated with the extent of coronary artery 
calcium and total plaque.137 Further research is needed to see if GlycA 
levels are predictive of incident CVD events in HIV-infected 
individuals. 
Another study measured GlycA in HIV patients, but it focused 
on observing the effects of antiretroviral treatment138 and will be 
discussed below. 
3.5.2.5.  Chronic inflammatory diseases related to immune system 
3.5.2.5.1. Rheumatoid Arthritis (RA) 
RA is a chronic inflammatory disease associated with the 
development of CVD. GlycA may be a useful marker of disease 
activity and CVD risk in patients with RA. It has been shown that 
GlycA is higher in RA patients than in controls51,139,140 and strongly 
correlated with all components of DAS28 scores, the measure of 
disease activity in RA.140  Fuertes-Martin et al. have pointed out that 
the parameters H/W GlycA and GlycB ratios are significantly higher 
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in the RA population than in controls and have hypothesized that the 
high, narrow shape of the peaks could be an additional marker of 
systemic inflammation.51 
Moreover, GlycA has been associated with the presence of 
coronary artery calcium and prevalent coronary artery disease in 
patients with RA140 even though GlycA is predominantly associated 
with typical systemic inflammation and less with adiposity.139  
Bearing in mind that some traditional markers used to evaluate 
RA, such as CRP and ESR, are nonspecific because their 
concentrations are also increased in other chronic inflammatory 
diseases, GlycA could be an additional measure of inflammation that 
will lead to greater accuracy than if only the classic inflammatory 
parameters are considered, as is conventional in clinical practice.51,139 
 
3.5.2.5.2. Systemic Lupus erythematosus (SLE) 
Some studies have shown a high association between increased 
GlycA levels and SLE.141–143 Two in particular have demonstrated that 
GlycA levels increased with each unit increase in the Systemic Lupus 
Erythematosus Disease Activity Index (SELDAI).142,143 
In addition, GlycA has been shown to be a good marker of 
systemic inflammation in lupus-nephritis, one of the most severe 
complications of SLE. Unlike GlycA levels, the CRP concentrations of 
non-lupus nephritic controls were not significantly different from those 
of patients with active SLE. It is important to stress the role of GlycA 
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and BMI in predicting proliferative status over classical inflammation 
markers.141 
3.5.2.5.3. Psoriasis 
Psoriasis is a chronic inflammatory skin condition associated 
with chronic systemic inflammation, increased vascular inflammation 
and a greater risk of incident CV events and CV mortality.144,145 GlycA 
was seen to be increased in psoriasis patients and remained significant 
after adjustment for age, sex, BMI and traditional CV risk factors. 
Interestingly, treatment of psoriasis with anti-TNF therapy led to a 
decrease in GlycA levels and vascular inflammation.146 
3.5.2.5.4. Inflammatory Bowel Disease (IBD) 
IBD is a global disease that is increasingly prevalent on all the 
continents.147 It is characterized by chronic relapsing intestinal 
inflammation.148 Dierckx et al. measured GlycA in populations with 
ulcerative colitis (UC) and Chron's disease (CD). GlycA reflected the 
inflammatory status of patients versus controls and the decrease in 
inflammation in response to treatment better than other classical 
markers such as PCR and fecal calprotectin (fcal).149  
3.5.2.6.  Other chronic inflammatory diseases  
Chronic obstructive pulmonary disease (COPD) is a 
heterogeneous condition with patients displaying varying clinical and 
pathophysiological features. The mechanisms and mediators 
underlying COPD and its comorbidities are poorly understood. 
However, there is compelling evidence to suggest that increased 
UNIVERSITAT ROVIRA I VIRGILI 
1H-NMR GLYCOPROTEIN ANALYSIS: AN ADVANCED APPROACH FOR INFLAMMATORY DISEASES DIAGNOSIS 





oxidative stress and lung inflammation play an important role in its 
pathophysiology.150 
In an 8-year follow-up study Ritchie et al. found a significant 
positive association between GlycA’s constituent glycoprotein 1-
antitrypsin and increased risk of liver diseases, heart failure and COPD 
and a significant association between GlycA’s constituent 
glycoprotein 1-acid glycoprotein and heart failure and chronic lower 
respiratory diseases.53 Kettunen et al. made a systematic evaluation of 
GlycA as a reproducible biomarker for disease prediction in a 
population of 11,861 adults. Their results were the same as some of 
those mentioned so far and also demonstrated new strong and 
consistent associations between elevated GlycA and increased risk of 
alcoholic liver disease, chronic renal failure, glomerular diseases, 
COPD, inflammatory polyarthropathies and hypertension.151 
As a curiosity the relation is mentioned in two traditional 
Chinese medicine studies that detected lower plasma glycoprotein 
concentrations in patients with COPD and abnormal Savda syndrome 
than in controls,152 the Savda syndrome being a set of psychological 
and emotional stressors.153  More rigorous studies and Western 
medicine are needed to establish a scientific hypothesis on the role of 
1H-NMR glycoproteins in COPD. 
Another chronic low-grade inflammation disease is chronic 
kidney disease (CKD), characterized by a reduced estimated 
glomerular filtration rate (eGFR) and/or albuminuria. However, some 
epidemiological studies have reported contradictory data that support 
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a relationship between CKD and an increase in CRP,154 and others have 
not found any such association with CRP but with other inflammatory 
markers such as TNF-α and IL-6.155,156 
Titan et al. investigated the association of GlycA to albuminuria 
and eGFR in 5,050 middle-aged men and women from the ELSA-
Brasil Study. They showed that GlycA was independently associated 
with albuminuria and inversely related to eGFR. They also showed that 
GlycA was better than hsCRP at diagnosing albuminuria, which 
suggests that glycation has an important role in the progression of CKD 
and in risk assessment.157 
Finally, Chronic hepatitis C (CHC) has been most widely 
studied in the context of non-invasive biomarkers. Increased severity 
of fibrosis has been associated with higher NAC plasma levels.76 
3.5.2.7. Cognitive function and psychological health 
Psychological suboptimal health is a prevalent state with a 
pathophysiological mechanism that is extremely complicated and 
poorly understood but inflammation is known to be related. CRP and 
IL-6 have been associated with cognition, but few studies have 
measured inflammatory markers as predictors of cognitive function in 
middle age or of the onset of cognitive complications such as 
dementia.158 However, a higher level of N-acetyl-glycoproteins in 
patients with psychological suboptimal health has been reported.77 
Another study showed an inverse relationship between GlycA and 
global cognition and also between information processing speed and 
memory domains.158  
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One of the most studied cognitive diseases with the most 
mysterious aetiology is Alzheimer's disease (AD). The need for early 
diagnosis is a growing issue today. MetS and elevated circulating 
glycoproteins were also associated to risk of AD and mild cognitive 
impairment (MCI).159 These results suggest that bringing these factors 
together would be more conducive to developing AD but further 
research is needed. 
The lack of biomarkers of inflammation in this field and the 
results discussed above make the search for prediction and prevention 
biomarkers an increasingly attractive field. 
3.5.2.8. Rare vascular diseases 
3.5.2.8.1. Takayasu arteritis  
Takayasu arteritis (TA) is a rare, idiopathic systemic 
inflammatory disease affecting large arteries, including the aorta, its 
major branches and the pulmonary arteries. Arterial inflammation is 
the core feature of the disease, variably associated with a systemic 
acute-phase response.160 Novel biomarkers are required to distinguish 
inflammatory and non-inflammatory remodelling in Takayasu arteritis. 
It has been shown that N-Acetyl glycoproteins are significantly up-
regulated in TA patients.161 
A larger study, conducted by Jain et al. in another cohort, 
confirmed these results and confirmed the role of glutamate and NAG 
as potentially strong biomarkers of TA.78 
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3.5.2.8.2. Kawasaki disease 
Kawasaki disease (KD) is a self-limited vasculitis that typically 
presents in young children as an acute illness with fever and 
mucocutaneous changes. It can develop coronary artery aneurysms, 
and predispose to serious long-term cardiovascular complications.162 
In a paediatric population with acute KD disease, high levels of GlycA 
were confirmed. It was also found that GlycA and lipoproteins, both 
measured with 1H-NMR, may be useful for distinguishing acute KD 
from bacterial or viral illnesses163 but further research is needed. 
3.5.2.9. Pregnancy  
Strategies increasingly focus on tracking metabolic changes 
during pregnancy in order to determine metabolic profiles that may be 
associated with prenatal disorders. 1H-NMR has been used to discover 
metabolic biomarkers that personalize the monitoring of the 
pregnancy81 but only a few studies have included 1H-NMR 
glycoproteins. 
An untargeted 1H-NMR study of maternal blood plasma has 
shown a gradual increase in N-acetyl glycoproteins and a direct link 
between them and LDLc+VLDLc.81 Another study conducted in 
overweight pregnant women evaluated the association between intake 
of dietary nutrients and markers of low-grade inflammation. Multiple 
nutrients correlated with GlycA – including fibre, LC-PUFA and -3 
LC-PUFA and several vitamins and minerals – but no correlations were 
detected between any of the nutrients and hsCRP and 
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lipopolysaccharide (LPS).54 Similarly, increased richness in intestinal 
microbiota was negatively related to GlycA, but no similar relationship 
was observed between hsCRP and microbiota-rich gut,54 which 
suggests that GlycA may have inflammatory pathways different from 
those of CRP. The same cohort was used to study whether intestinal 
permeability was related to metabolic risk markers. The results showed 
that serum zonulin, a protein responsible for regulating paracellular 
transport in the intestine, was associated with GlycA, among other 
markers.96 
Houttu et al. studied whether there were differences in the 
inflammatory profile of overweight pregnant women and obese 
pregnant women. In line with what has been mentioned so far, low-
grade inflammatory markers, GlycA and hsCRP were statistically 
significantly higher in obese pregnant women than in overweight 
pregnant women. The correlation coefficients were also higher 
between GlycA and lipids than between hsCRP and lipids. Houttu et al 
also found a correlation between GlycA and branched chain aromatic 
amino acids in pregnant women, coincidental with higher insulin and 
glucose concentrations during early pregnancy.164 
3.5.2.10. Primary aldosteronism (PA) 
PA is characterized by the autonomous production of 
aldosterone, which causes sodium retention, plasma renin suppression, 
endocrine hypertension and cardiovascular damage, among other 
things.165Aldosterone is associated with key functions in the regulation 
of blood pressure, but has also been associated with causing 
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inflammation, fibrosis and blood vessel remodeling.166 Berends et al. 
found that GlycA levels were significantly higher in a PA population 
than in normotensive control subjects and subjects with treated and 
untreated hypertension, which indicated enhanced low grade chronic 
inflammation.167 
3.5.2.11. Sickle cell disease (SCD) 
SCD is a multisystem disorder with multiple organ damage 
associated with recurring inflammation caused by tissue ischemia, 
reperfusion injury and vascular damage.168 Although inflammatory 
markers used in clinics such as interleukins, prostaglandin-E2, Tumour 
Necrosis Factor-α and CRP are increased in SCD, GlycA is not. This 
result goes against what is reflected in this review and has been 
attributed to the fact that haemolysis is observed in SCD patients but 
not in patients with other pathologies. It should also be noted that 
haptoglobin is one of the major proteins in the GlycA signal and in this 
case it depletes rapidly during intravascular haemolysis.169 
3.5.2.12. Human African Trypanosomiasis (HAT) 
Very few studies on metabolomic profiling use 1H-NMR to 
identify a metabolic signature of a specific parasitic infection. Marked 
differences have been shown in plasma HAT patients who have a 
significant increase of creatinine, N-acetyl glycoprotein (p<0.01), 
formate and myoinositol compared to controls.170 
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3.5.2.13. Sodium intake 
High sodium intake has been linked to major health issues such 
as CVD and hypertension. In a large cohort of predominantly healthy 
men and women with age- and sex adjusted analyses that took into 
account BMI, lower GlycA and hsCRP concentrations were both 
associated with higher 24-h sodium excretion, and these relations 
remained present after other potential covariates were taken into 
account.116 
3.5.2.14. Tobacco smoking 
Tobacco smoking is one of the major preventable causes of 
death and cardiovascular disease (CVD) in the world. Higher levels of 
some inflammatory markers are indicators of exposure to smoking. 
Kianoush et al. studied the association between smoking and systemic 
inflammation (GlycA) in 11,509 participants from MESA and ‘The 
Brazilian Longitudinal Study of Adult Health’ (ELSA-Brasil) cohorts. 
They found similar significant associations between different measures 
of smoking behaviour and higher GlycA and hsCRP levels.171 
3.5.2.15. Effect of exercise  
Increased physical activity and weight loss are effective ways 
to reduce inflammation. Only a few studies have described how these 
lifestyle changes contribute to reducing GlycA.68,110 One study 
mentioned above with a 6-month intervention of resistance exercise 
alone or combined with diet in overweight and pre-diabetes individuals 
showed that GlycA levels decreased significantly by 2%.100 Barber et 
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al. demonstrated significantly reduced plasma GlycA in 1,568 
individuals submitted to 14 exercise interventions even after  
adjustment for age, sex, race, baseline BMI, and baseline GlycA.172 
A very interesting study by Kujala et al. shows clear differences 
between physically active and physically inactive age- and sex-
matched pairs and twin pairs. They found better metabolic health 
including a decrease in isoleucine, α1-acid glycoprotein and glucose in 
the physically active subjects.68 
3.5.2.16. Effect of treatments 
In clinical terms there is a need to be able to measure the effect 
of pharmacological treatments with reliable markers. GlycA has been 
measured in a few drug studies to evaluate its anti-inflammatory effect 
and in the near future it could be a clinically relevant biomarker for 
monitoring disease severity. 
3.5.2.16.1. Modulators of the inflammatory and immune response 
Anti- TNF therapy has been established as an efficacious 
therapeutic strategy in inflammatory diseases. Interestingly, the 
treatment of psoriasis with anti-TNF therapy led to a decrease in 
GlycA levels and vascular inflammation in close parallel with 
reductions in atherosclerotic CVD activity.146 
The effect of some monoclonal antibodies on GlycA levels has 
also been reported in the literature. Dierckx et al. showed a consistent 
decrease in GlycA levels in IBD patients during therapy with 
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Adalimumab, infliximab, vedolizumab and ustekinumab compared to 
other biomarkers such as fecal calprotectin or CRP,149 which have had 
a moderate response at most in some patients with IBD.173  
3.5.2.16.2. Antiretroviral therapy 
Kelesidis et al. investigated how markers of inflammation 
change in response to treatment in a longitudinal antiretroviral therapy 
study. They found that GlycA was the only marker of inflammation, 
above hsCRP, IL-6 and D-dimer, that decreased across all the treatment 
groups conducting an initial antiretroviral therapy with atazanavir, 
raltegravir and darunavir.138 Even though future studies are needed to 
determine the role of protein glycans in HIV-1 infection, this finding 
suggests that GlycA could be a marker for evaluating the success of 
treatment in these patients. 
3.5.2.16.3. Statins 
Statins inhibit a key step in the biosynthetic pathway of sterol 
by reducing cholesterol and contributing to the prevention of 
cardiovascular disease. Although statins decrease some inflammation 
markers such as CRP, they do not appear to affect GlycA levels. More 
studies are required to confirm this.133 
3.5.2.16.4. Metformin 
Metformin is a widely prescribed medication that has been used 
to treat T2DM. NAC serum levels decrease in metformin-treated 
T2DM patients compared to untreated patients.56 
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The use of probiotics is an emerging approach for reducing 
chronic inflammation, but few studies have evaluated the effect of 
probiotics on inflammatory markers. In the literature, greater gut 
microbiota richness is negatively linked with the inflammation marker 
GlycA54 in overweight pregnant women. More studies are needed to 
confirm that probiotics can play a role in reducing GlycA levels. 
3.5.2.17.  Toxicity 
Drug-induced hepatotoxicity is an important healthcare issue in 
the sense that side effects in patients can be serious. Currently, toxicity 
is only detected when the tissue has already been badly damaged.74 For 
this reason, new markers are required to warn of the toxicity of drugs 
and to better monitor the treatment. Huo et al. used 1H-NMR to find 
that the N-acetyl moieties of glycoprotein were significantly increased 
(p<0.01) in sodium valproate-induced hepatotoxicity in epileptic 
patients, among other metabolites such as glucose, lactate, 
acetoacetate, VLDLc/LDLc, lysophosphatidylcholines, 
phosphatidylcholines, choline, creatine, amino acids, pyruvate and uric 
acid.74  
It should be noted that predicting the toxicity of radiotherapy 
treatment is also a new research avenue in oncology because of the 
temporary toxicity generated that seriously affects the patient's quality 
of life. In a case of head and neck squamous cell carcinoma (HNSCC), 
the toxicity of the treatment was studied via 1H-NMR of human blood 
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serum. The high acute radiation sequelae were associated with 
increased N-acetyl glycoprotein signals, concordant with a significant 
increase in CRP levels and suggestive of an elevated inflammatory 
state.63 
 
3.6. Concluding remarks and future perspectives 
In this review we have discussed the clinical importance of 
glycoproteins in the onset of some diseases. Specifically, we have 
summarized the main results of the clinical studies carried out to date 
on plasma glycoprotein concentrations detected using 1H-NMR 
spectroscopy, since it is the main high-performance metabolomic 
technique capable of quantifying serum or plasma glycoproteins in a 
sensitive and robust way. 
Although the role of glycans in disease mechanisms is still not 
fully understood, the plasma level of glycosylation has been associated 
with different diseases, most of which have a marked inflammatory 
component. As has been mentioned in section 3.3, plasma 
glycoproteins belong to the family of APP, which increase in 
concentration when there are inflammatory processes. To a great 
extent, they could be considered to be disease diagnostic markers. It is 
important to note that the 1H-NMR technique is a quantitative 
technique that measures a global state of glycation, but it cannot 
identify exactly which proteins are involved. As we have mentioned in 
this review, the most abundant proteins detected are α1-acid 
UNIVERSITAT ROVIRA I VIRGILI 
1H-NMR GLYCOPROTEIN ANALYSIS: AN ADVANCED APPROACH FOR INFLAMMATORY DISEASES DIAGNOSIS 
Rocio Fuertes Martín 
 
   CHAPTER 3 
   
91 
 
glycoprotein, α1-antitrypsin, haptoglobin, transferrin and 
immunoglobulins, with the parameters NAG, NAC or GlycA being 
total measures of systemic inflammation.  
Section 3.5 shows how interest in 1H-NMR glycoprotein 
research in the clinical field has been increasing from year to year. The 
most widely studied diseases within this field are tumours, metabolic 
diseases, cardiovascular diseases, chronic inflammatory diseases, and 
other diseases also discussed in this review. However, more studies are 
needed, for example, on rare vascular diseases or cognitive diseases. 
All results have in common an increase in GlycA levels – or circulating 
levels of N-acetyl glycoproteins – with respect to a control group. In 
addition, high associations with CRP, IL-6 and even with the 
leptin/adiponectin index are widely described. The variable GlycB has 
been shown to be associated to these parameters but less strongly. 
However, this has been reported in so few studies51,99,101,129 that firm 
conclusions cannot be drawn until more studies are performed.  
There is general consensus that GlycA is a robust marker of 
systemic inflammation. Special mention should be made of the 
association found with CRP. Although CRP is the inflammatory 
biomarker that has been most studied since ancient times, it has been 
shown to be prone to fluctuations for a variety of reasons.174  Joshi et 
al. found an association of GlycA levels with subclinical coronary 
atherosclerosis among in psoriatic patients independently of other 
traditional CVD risk factors such as hsCRP.146 Another example is the 
independent association of obesity with subclinical atherosclerosis and 
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intima-media carotid artery regardless of hsCRP status in the MESA 
study,175 which indicates that the usefulness of hsCRP for predicting 
CVD in patients with chronic systemic inflammation is limited, as it is 
non-specific and may not fully capture all forms of inflammation.48 In 
general, the associations between GlycA and morbidity and mortality 
have been higher and  CRP independent, suggesting that GlycA better 
captures systemic inflammation than CRP because of its composite 
nature.82,88,89,111,123,124   
These results raise some open questions. The first is that the 
two markers may follow distinct inflammatory pathways because some 
studies have reported different behaviour between GlycA and 
hsCRP.101 The second is that GlycA may integrate more multiple 
inflammatory pathways by capturing the global signal of several 
proteins and, therefore, better captures the degree of systemic 
inflammation.  
Some authors suggest that the use of both markers provides 
additional information about the status of inflammatory disease.51,115 
However, regardless of their possibly distinct inflammatory origin, 
GlycA has clear advantages over CRP: while hsCRP needs to be 
measured several times on consecutive days to ensure the risk of CVD, 
GlycA needs only one measure. On the other hand, Otvos et al. in 
previous studies52 ensures a high reliability of GlycA because its 
measures are similar in both serum and plasma samples, in fasting and 
non-fasting states and also after short or long-term storage, having 
GlycA a lower intra-individual variability than hsCRP.   
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Even though most of the results are consistent, some drawbacks 
need to be pointed out. The first is that the mechanism of glycation in 
human disease is not yet fully understood because of the highly 
complicated structures of glycans and their mechanism of action. 
Therefore, more research is needed. Secondly, there is a lack of a 
consensus on the technique for quantifying glycoproteins by NMR 
spectroscopy. For a rigorous transfer to the clinic in the future, the 
techniques used by different laboratories should be validated and 
standardized so that these markers can become part of conventional 
clinical practice.  
Although more research is needed on GlycA and 
pharmacological treatments, the results of the studies lead us to 
hypothesize that GlycA's response to treatments may help to improve 
treatment follow-up and bring us closer to the concept of personalized 
medicine in the future.  
In summary, the characterization of glycoproteins by 1H-NMR 
has two main advantages. First, the versatility of the 1H-NMR 
technique, which from a single spectrum gives the inflammatory 
information provided by the glycoprotein profile as well as other 
information provided by metabolites such as lipoproteins.  Second, the 
applications reviewed here demonstrate that GlycA is potentially a key 
biomarker in a wide range of diseases. These aspects are fundamental 
to the future use of 1H-NMR glycoprotein quantification in clinical 
practice.  
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3.7. Supporting information  
This section contains the table C3-1S, that includes the 
research articles found in the literature related to the determination of 
glycoproteins through 1H-NMR. It reflects the most important aspects 
such as the main objective, number of participants, the employed key 
methods and the main results related to glycoproteins. 
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Table C3-1S. Research articles found in the literature related to the determination of glycoproteins through 1H-
NMR 
Main objective Participants Key methods Main results related to glycoproteins Clinical topic  Refere
nce 
Tumours and cancer      
To characterize N-
acetyl protons of highly 
mobile N-acetylated 
carbohydrate side-
chains associated with 
‘acute-phase’ plasma 
glycoproteins. 
> 10 healthy adults, 
6 MG, 1 melanoma 
and 5 RA and > 10 
pairs from 
bothmother and 









The intensities of peaks in the spectrum 
of maternal plasma are greater than 
those of the cord plasma. Peaks are also 
more intense in maternal plasma than in 
plasma from non-pregnant women. The 
intensities of peaks in the spectra of 
plasma from subjects with melanoma 







To study the variations 
in NAG and NANA 
glycosylated residues 















i) The distribution of glycosylated 
residues varies with the origin of the 
cancerous tissue; 
ii) The level of these residues is a 
function of tumour development; 
iii) The concentrations in NAG and NANA 
are well correlated with the standard 
biological parameters of acute phase 
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An unassigned and 
prominent resonance 
in the region from d 
2.0–2.1ppm has 
frequently been found 
in the in vivo MR 
spectra of cancer 
patients. 1H-NMRS on 
the aspirated cyst fluid 
(in vitro) of patients 
confirmed the 
observation. 




Cyst fluid stored 
at -70ºC 
COSY 
N-acetyl groups from glycoproteins 
and/or 
 glycolipids may contribute to the d 2.0–
2.1ppm  




k et al  
200957 








events and total 
cancer, and to 
compare these 
associations with other 
commonly used clinical 
biomarkers of chronic 
6523 men and 
women from MESA 
(healthy at 
baseline). Median 






Relative risk per SD of GlycA, IL-6, and D-
dimer 
for total death; for total CVD; and for 
ChrIRD. 
Only GlycA was predictive for total 
cancer. 
Women had 7% higher values of all 
inflammatory biomarkers than men and 
a significantly lower GlycA prediction 
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IL-6, and D-dimer). 
To reveal the changes 
in the metabolic 
profiles during BC 
progression. Detection 
of early stage and late 
stage altered 
metabolic pattern. 
72 early- and late-
stage BC patients 
50 healthy subjects 
Bruker Avance III 





The levels of hydroxybutyrate, lysine, 
glutamate, glucose, NAG and lactate 
were highly distinguished in BC. 
ROC curve showed that glutamate, 
lactate and NAG levels of metabolic 
alterations separate EBC and LBC with 








To investigate whether 
metabolomic profiles, 
generated from a 
simple blood draw 
from healthy women, 
could help predict the 
risk of developing 
breast cancer in the 
10–15 subsequent 
years. 
206 breast cancer 
cases diagnosed 











Women characterized by higher fasting 
plasma levels of valine, lysine, arginine, 
glutamine, creatine, creatinine and 
glucose, and lower plasma levels of 
lipoproteins, lipids, glycoproteins, 
acetone, glycerol-derived compounds 
and unsaturated lipids had a higher risk 
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To investigate the 
metabolic  
signatures of a glioma 
in plasma in order to 
assess the diagnostic 
potential of this 
approach and gain 
novel insights into the 
metabolism of glioma 
and its systemic 
effects. 







Patients with a glioma were associated 
with lower concentrations of isoleucine, 
leucine, valine, lactate, alanine, 
glycoprotein, glutamate, citrate, 
creatine, myo-inositol, choline, tyrosine, 
phenylalanine, 1-methylhistidine, α-
glucose, β-glucose, and higher 
concentrations of very low-density 
lipoprotein, low density lipoprotein 





To examine the 
association between 




from the WHS 
study (median 
follow-up 19 y.); 
Replication cohort: 
6,784 participants 
from the MESA 
study (median 






In WHS, adjusted HRs per SD increment 
of GlycA for CRC incidence and mortality 
were 1.19 (1.06±1.35; p = 0.004) and 
1.24 (1.00±1.55; p = 0.05), respectively. 
Replicated findings in MESA showed that 
HRs per SD of GlycA for CRC incidence 
and mortality were 1.32 (1.06±1.65; p = 
0.01) and 1.54 (1.06±2.23; p = 0.02), 
respectively, after 
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To investigate whether 
metabolic differences 
could be detected 
between HCC cases 
and matched controls 
from a prospective 
cohort study using 
serum samples 
collected prior to 
diagnosis. 
114 primary HCC 
cases  
222 controls 
Bruker Avance III 
800 MHz 
spectrometer  
CPMG and NOESY 
pulses 
Serum samples 
Sixteen metabolites of either 
endogenous or exogenous origin 
including lower levels of N-acetyl 
glycoproteins were found to be 








of serum samples from 
patients with UTUC. 
39 UTUC patients 
34 healthy controls  





Serum LDL, VLDL, valine and 
glycoprotein levels followed a 
decreasing trend, whereas serum PUFA 
and 3,7-dimethyluric acid levels showed 
an increasing trend in UTUC patients 
compared with healthy controls. 
UTUC Li et 
al.2015
62 
To use 1H-NMR to 
distinguish between 
the metabolic 
fingerprints of COPD 




Bruker Avance II 
600MHz 
CPMG 
Plasma samples  
stored at -80ºC 
Increased N-acetylated glycoproteins 
were observed in all lung cancer 
patients compared with the COPD 
group. These metabolite biomarkers 
may prove useful in distinguishing lung 
cancer states: isoleucine, acetoacetate, 
and creatine as well as the two NMR 
signals of N-acetylated glycoproteins 
and glycerol. 
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that reflect acute 
radiation sequelae in 
HNSCC patients using 
NMR-based 
metabolomics of blood 
serum. 
45 patients with 
HNSCC:  
low ARS (26 







DIFF, JRES pulses 
Serum samples 
The high ARS group was characterized 
by the increased signals arising from 
NAG and acetate as well as the 
decreased signals of branched amino 
acids, alanine, creatinine, choline 
containing compounds and carnitine. 
Serum glucose is low in the high ARS 
group. 
NAG is positively correlated with CRP, 
platelet count (PLT), ESR and absolute 
monocyte count and is also negatively 










To carry out a 1H-
NMR-based metabolic 






cancer (MBC) in 
comparison to the 
localized early disease 
(EBC). 
46 EBC  
39 MBC 
Validation: 61 EBC 
and 51 MBC 
Bruker Avance III 
spectrometer 
800MHz 
Standard 1H 1D 
NMR pulse 
sequences, 
NOESY and CPMG 
Serum samples 
9 statistically significant differences 
between EBC and MBC patients: 
histidine, acetoacetate, glycerol, 
pyruvate, glycoproteins (NAC1 p<0.027 
and NAC2 p<0.007), mannose, 
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To find a possible 
correlation between 
the t biochemical 
serum contents of a1-
GP, a1-AT, Hp, CRP, 
IgA, IgM, IgG and Tf) 
and 
MRS data (NAG and 
NANA) in selected 
pathologies 








 -80ºC storage 
High correlation between MRS data and 
the most abundant acute-phase 
glycoproteins a1-GP, a1-AT and Hp. No 
correlation with Ig levels. Biochemical 
and MRs variables are independently 
sensitive to the inflammatory status of 
the patient. However, the combination 
of the two sets of variables fails to 















signatures in plasma 
and urine 
108 EC patients 








Compared to controls, EC plasma had 
higher levels of dimethylamine, a-
glucose, b-glucose, citric acid, and lower 
levels of leucine, alanine, isoleucine, 
valine, glycoprotein, lactate, acetone, 
acetate, choline, isobutyrate, 
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To use 1H-NMR based 
metabonomics to 
characterize the 
metabolic profiles of 
cervical intraepithelial 
neoplasia (CIN) and 
cervical squamous cell 
carcinoma (CSCC). 
38 patients with 
CIN 
38 patients with 
CSCC 






stored at -80˚C 
Compared with samples from patients 
with CIN, the plasma of CSCC patients 
had higher levels of acetate, formate, 
lactate, isoleucine, leucine, valine, 
alanine, glutamine, histidine, tyrosine, 
acetylcysteine, myo-inositol, 
glycoprotein, α-glucose and β-glucose, 
together with lower levels of acetone, 








Metabolic diseases       
To examine changes in 














GlycA was significantly reduced (p<0.01) 
Additional improvements were observed 
in multiple cardiovascular risk factors, 
including BMI, total cholesterol and 2-
hour glucose. 
Decreases in GlycA were associated with 
decreases in 2-hour glucose (p<0.008) 







UNIVERSITAT ROVIRA I VIRGILI 
1H-NMR GLYCOPROTEIN ANALYSIS: AN ADVANCED APPROACH FOR INFLAMMATORY DISEASES DIAGNOSIS 
Rocio Fuertes Martín 
 
         CHAPTER 3 
                
103 
 
To explore the effect of 
bariatric surgery on 



















Bariatric surgery significantly reduced 
GlycA by 6 months (451 ± 47 μmol/L vs. 
383 ± 50 μmol/L; P < 0.001) with further 
reduction at 12 months (348 ± 41 
μmol/L; P < 0.001) and no difference 
between procedures. Increased high 
density lipoprotein particle size was 
strongly associated with reduced GlycA.  
Bariatric 







To contrast whether 
metabolic phenotyping 
can provide a better 
understanding of the 
unique set of 
regulatory 
perturbations that 
predispose to diabetes 




patients with good 
glycaemic control 
(DB). 












Residual signals of N-acetyl 
glycoproteins (NAG) were found to be 
decreased in patients with diabetes 
complications compared to diabetes 
patients and healthy controls. 
Diabetes 
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To study the relation 
between GlycA and 
type 2 diabetes and 
compare it with high-
sensitivity C-reactive 
protein. 
26,508 women with 
a follow-up of 17.2 
y., 2,087 T2DM 






The relative risk of GlycA with type 2 
diabetes was somewhat higher for 
individuals with baseline BMI < vs =25 
kg. 
Both GlycA and hsCRP were significantly 






To investigate whether 
intestinal microbiota 
composition and 
serum metabolic and 
inflammatory 
profiles differ and are 
interrelated in 
overweight and obese 
women during early 
pregnancy. 
52 overweight and 
47 obese pregnant 








Low-grade inflammatory markers, GlycA 
and hsCRP, were statistically significantly 
higher in obese pregnant women than in 
overweight pregnant women. The 
correlation coefficients were also higher 
between GlycA and lipids than between 
hsCRP and lipids. GlycA and hsCRP 
correlated with the following 
concentrations; isoleucine, leucine and 
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To investigate the 





CRP) with insulin 
secretion, insulin 
sensitivity, incident 
type 2 diabetes, 
hypertension, CVD 
events, and total 
mortality in the 
prospective METSIM 
study. 
5401 men without 
diabetes at baseline 
or during the 
follow-up period 
(6.8  years) 




During the follow-up period GlycA was 
associated with impaired insulin 
secretion, hyperglycemia, incident type 






a et al. 
2017113 
To examine the 
relation of GlycA, 
GlycB, and CRP with 
direct measures of 
insulin sensitivity 
(insulin sensitivity 
index [SI]) and insulin 
secretion (acute insulin 
response [AIR]). 
1,225 participants 
(278 with T2DM 
and 947 without 







1) Adiposity and SI have independent 
relationships with CRP concentration 
and GlycA and GlycB NMR signals; 2) 
Both CRP and GlycA demonstrate a 
statistically independent relation to 
insulin SI, suggesting that GlycA may 
reflect an inflammatory pathway distinct 
from the pathway related to CRP: 3) All 
three inflammatory markers are more 
related to 2-h glucose than to fasting 
glucose. 4) GlycB has weaker 







o et al. 
201799 
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insulin resistance and adiposity than 
GlycA. 




link to circulating 
metabolites, and 
whether the 





and 837 dizygotic 







operating at 500 
MHz 
Serum samples 
Fat, especially in the abdominal area, 
together with HOMA-IR and CRP 
correlated significantly with an 
atherogenic lipoprotein profile, higher 
levels of branched-chain and aromatic 
amino acids, higher levels of 











To evaluate how 
exercise-based lifestyle 
or exercise plus diet 
interventions 
modulate GlycA in 






















At baseline, women had significantly 
greater  concentrations of GlycA. No 
significant differences between groups 
were detected. 
GlycA was reduced on average by 3% in 
the High-Vig group and on average by 
4% in the Clinical Lifestyle intervention. 
The Low-Mod group reduced GlycA on 
average by 1% while the High-Mod 
group increased 
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To evaluate the 
analytical performance 
of the GlycA test, 
measured on the 
Vantera® Clinical 
Analyzer. 
To study the 
relationship of GlycA 
with the risk of T2DM. 
4524 individuals 
from the 
 PREVEND study 
(general 
population) 










Participants with higher levels of GlycA 
were more likely to be older and tended 
to have higher BMI, blood pressure, 
glucose and hsCRP levels. GlycA 
predicted incident T2DM in models 
adjusted for age, sex, and for BMI, 
alcohol intake, smoking status, lipid 
lowering drugs, anti-hypertensive 
medication, systolic blood pressure, 
total cholesterol, HDL-C and TG. 
T2DM Connell
y et al. 
201682 
To compare plasma 
GlycA and Lp-PLA2 
mass between subjects 
without T2DM or MetS 
and subjects with 
T2DM and/or MetS 
58 subjects with 
T2DM and/or MetS 
(group 2) 
40 control subjects 






GlycA and hsCRP were higher, whereas 
Lp-PLA2 was lower in group 2 vs group 
1. GlycA was positively related to hsCRP 




n et al. 
2016209 
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separately for fasting 




men and women 
1873 individuals 










Soininen et al. 
2009)66 
A1-acid glycoprotein was prospectively  
associated with both fasting and 2h-
glucose (p<0.05) 
Glycemia Würt et 
al. 
2012110 
(i) To determine 
whether 
plasma GlycA is 
elevated in subjects 
with MetS and (ii) to 
assess the relationship 
of GlycA with plasma 
LCAT activity 
58 MetS (46 
subjects with 







GlycA was found to be elevated in MetS, 
but not positively associated with the 
presence of T2DM. GlycA was correlated 
positively with systolic blood pressure, 
BMI and waist circumference as well as 
with plasma triglycerides, and inversely 
with HDL cholesterol. GlycA was related 
to higher plasma LCAT activity. 
MetS  Gruppe
n et al. 
2015115 
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To compare GlycA and 
other markers of 
inflammation among 
hospitalized, 
noncritically ill patients 
with type 2 diabetes 
121 T2DM patients: 
(71 CHF, 21 cardiac-
non-CHF, 18 
infectious diseases, 







GlycA varied significantly across 
diagnostic categories and values were 
highest in patients with infectious 
disease. GlycA was associated with 
higher IL-6 and CRP and lower 
hemoglobin and estimated GFR; GlycA 








To test whether 
plasma GlycA 
elevations are 
associated with lower 
bilirubin in MetS, and 
to assess the extent to 
which the association 
of GlycA with MetS is 
attenuated when 
taking account bilirubin 
levels. 
58 MetS (46 T2DM) 







GlycA and hs-CRP were higher, 
coinciding with lower bilirubin in MetS 
(p<0.01 for each). GlycA was strongly 
correlatedwith hs-CRP. GlycA and hs-
CRP were both associated positively 
with the presence of MetS. GlycA and 
hs-CRP were negatively related to 
bilirubin, regardless of MetS and 
diabetes status. 
MetS  Dullaar
t et al. 
201593 
Cardiovascular risk      
A new binning 
algorithm, Adaptive 
Intelligent Binning (AI-
Binning), is presented 
to characterize 











The binning algorithm enabled the 
relevant metabolites to be identified 
and suggested the involvement of a-1 
acid glycoproteins and choline 
biochemistry in hypertension. 




UNIVERSITAT ROVIRA I VIRGILI 
1H-NMR GLYCOPROTEIN ANALYSIS: AN ADVANCED APPROACH FOR INFLAMMATORY DISEASES DIAGNOSIS 
Rocio Fuertes Martín 
 
   CHAPTER 3 
110 
 




surgery and to 
examine the potential 
of metabolic profiling 
for stratifying patients 
in terms 




















Acetate, acetoacetate, acetone, alanine, 
citrate, formate, glucose, 3-
hydroxybutyrate, isoleucine, leucine, N-
acetylated glycoprotein, threonine, and 
valine had significantly higher 





















To investigate the 
associations of plasma 
metabolic markers 
with the risk of 
incident MI, IS and ICH. 
912 MI, 1146 IS, 









Glycoprotein acetyls, ketone bodies, 
glucose, and docosahexaenoic acid were 






To determine if GlycA 
adds independent 
value to hsCRP for CV 
risk prediction. 
 2996 patients in 
the Intermountain 









GlycA and HS-CRP were moderately 
correlated. The interaction between 
GlycA and HS-CRP was statistically 
significant for the outcome of death. 
Baseline levels of both GlycA and HS-CRP 
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additive markers of risk for future major 
adverse CV events, especially death and 
hospitalization. 
a) To define the role of 
GlycA as a potential 
biomarker of adverse 
events in patients 
undergoing cardiac 




performance of GlycA 
and HDL subclasses; 
and (c) to understand a 
priori defined potential 
interactions between 
HDL subclasses and 
GlycA. 
7617 individuals in 









GlycA was associated with the presence 
and extent of coronary artery disease 
and with all-cause mortality, 
cardiovascular mortality and 
noncardiovascular mortality in models 
adjusted for 10 cardiovascular risk 
factors. 
GlycA and smaller HDL subclasses had 
independent but opposite effects on 
mortality risk prediction, with smaller 
HDL subclasses being protective. 
Individuals without diabetes who had 
the greatest quartile of GlycA 
concentration actually had a greater risk 
than patients with diabetes who had a 







To evaluate the 
association and 




GlycA, and future 
cardiovascular risk. 
2,848 patients from 
the angiography 
registry of the 
Intermountain 







 GlycA, small HDL-P and medium HDL-P 
were significantly associated with 
cardiac death, but large HDL-P was not 
after adjustment for CV risk factors and 
medications. Only small HDL-P had a 
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To test if GlycA is 
associated with 
incident CVE and can 
improve CV risk 
prediction with 
traditional risk factors. 





GlycA was strongly associated with 
incident CVE after adjustment for clinical 
risk factors. 
Consideration of GlycA in addition to 
traditional risk factors improves CV risk 





To study the 
association of GlycA 
and GlycB with CVD. 












No significant association was found 
between GlycA or GlycB and CAD. The 
incidence of major adverse CV events 
was significantly higher in patients with 







To examine the 
association of baseline 
GlycA concentration 
with incident CVD 
events. 
To assess whether 
GlycA provided 
additional clinical 
utility for the risk of 
future cardiovascular 














At baseline, increasing quartiles of GlycA 
were associated with a higher 
prevalence of traditional CVD risk factors 
and higher concentrations of hsCRP. 
GlycA and hsCRP were moderately 
correlated. The association of GlycA with 
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To identify biomarkers 
for all-cause mortality 
and enhance risk 
prediction. A high-
throughput profiling of 
106 plasma sample 
biomarkers are 
quantified by NMR 
17,345 individuals (NMR 
spectroscopy 
protocol by 





Alpha-1-acid glycoprotein, albumin, 
VLDL size, and citrate biomarkers were 
predictive of cardiovascular mortality, 
death from cancer and other 
nonvascular diseases. Alpha-1-acid 
glycoprotein was the strongest 
multivariate predictor of the risk of 








differences in life 
expectancy in men and 
women from the 
PREVEND cohort with 
higher vs. lower levels 
of GlycA and hsCRP 
5526 subjects from 
PREVEND study 
Median follow up 
8.5 years 
Vantera® Clinical 




Life expectancy in men and women at 
the end of follow up was lower in the 
highest vs the lower three quartiles of 
GlycA (P < .001). For hsCRP, this was 
only observed in men (P < .001) but not 







To examine the effects 
of ERN treatment on 
lipoprotein particles 
and GlycA and their 
relations with incident 
CVD events including 
mortality in a substudy 









Compared to placebo, ERN treatment 
lowered VLDL and LDL and increased 
HDL particle concentrations, increased 
LDL and HDL particle sizes, but did not 
affect GlycA. Baseline and in-trial GlycA 
levels were associated with increased 
risk of CVD events. None of the 
lipoprotein particle classes or subclasses 
were associated with incident CVD. All-
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associated with both GlycA and low 
levels of small HDL particles. 
To determine whether 
GlycA levels were 
associated with CV 
health as defined by 
the LS7 score and with 
each of its individual 










After multivariable adjustment, GlycA 
remained independently and inversely 
associated with CV health categories. 
For each of the individual LS7 metrics 
(Blood Pressure, Blood Glucose, Total 
Cholesterol, Smoking, Diet, Physical 
Activity, and BMI), there was an inverse 
significant relation with GlycA levels. 
CV Health Benson 
et al. 
2018126 




models for GlycA's 
constituent 



















AAT, AGP, HP, 






Imputed AAT was significantly 
associated with risk of hospitalisation or 
death for substantially more outcomes 
(including liver diseases, heart failure 
and COPD). In contrast, imputed AGP 
was significantly associated with 
increased risk from only two outcomes: 
heart failure and chronic lower 
respiratory diseases. HP was the 
strongest predictor of chronic lower 
respiratory diseases, inflammatory 
polyarthropathies and atherosclerosis. 
Multiple individual glycoproteins 
independently and weakly predict each 
disease, with the GlycA NMR signal 
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To examine the 
longitudinal 
 association between 




in the WHS follow-
up 








GlycA for all-cause mortality was 
significantly increased at 5 years. Similar 
risk for all-cause mortality was observed 
in the replication cohort. Risk of CVD 








     
To examine the 
associations between 




men participating in 
MACS. 









1) Higher quartiles of plasma GlycA were 
significantly positively associated with 
HCV infection, HIV infection, levels of 
hsCRP, IL-6, fibrinogen, sCD163, sCD14, 
CCL2 and CAC. 
2) GlycA levels were higher in HIV-
infected men than in HIV-uninfected 
men (397±68 vs 380±60 μmol/L, 
p=0.0001), and higher for men with 
detectable vs. undetectable viral load 
(413±79 vs 393±65 μmol/L, p=0.004). 
3) Plasma GlycA levels positively 
correlated with smoking pack-years and 
HCV infection status and inversely 
correlated with HDL cholesterol levels 
and physical activity level among HIV-
infected participants. 
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demographic and CVD risk factors, GlycA 
level was associated with a higher 
prevalence of CAC and coronary 
stenosis. 
5) Among men with plaque, GlycA was 
positively associated with the extent of 






    




approach could be 
used to identify 




associated with fibrosis 
in CHC patients 
50 CHC patients  
63 CHC patients 
validation 
Bruker Avance 






Increased severity of fibrosis was 
associated with higher tyrosine, 
phenylalanine, methionine, citrate and, 
very-low-density lipoprotein (vLDL) and 
lower creatine, low-density lipoprotein 
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To investigate GlycA 
levels in a cohort of 
healthy individuals, 
patients with CD and 
patients with UC prior 
to and after 
therapeutic control of 
inflammation. 
37 Crohn’s disease 
patients and 21 
ulcerative colitis 
patients before and 
after biologic 
therapy (ADM, IFX, 
VDM, UST) 







GlycA levels were significantly higher in 
patients with active IBD (CD and UC) 
than in healthy controls. GlycA levels 
from CD and UC patients dropped to 
control levels after mucosal healing. 
Only GlycA post-treatment levels 
consistently showed a significant 
difference between responder and non-
responder levels 





To characterize the 
plasma glycoprotein 
profile of a cohort of 
patients with RA versus 
healthy individuals and 
to model the activity of 
RA to identify patterns 
indicating the severity 
of the disease 
210 RA patients 
203 healthy 
individuals 




RA patients presented significantly 
higher GlycA area and H/W GlycA and 
GlycB ratios than the control population. 
GlycA and GlycB variables derived from 
1H NMR, along with classic 
inflammatory parameters, help to 
improve the classification of individuals 






To investigate if GlycA 
could be  
associated with lupus 
nephritis severity 
105 active SLE 
patients 











GlycA was correlated to C-reactive 
protein (CRP), neutrophil count, 
proteinuria and the SLE disease activity 
index. 
Patients with active SLE showed 
significantly higher GlycA concentration 
than healthy controls (p=0.009), non-
lupus nephritic controls (p=0.04) and 
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patients with biopsy-proven active LN, 
GlycA was higher in proliferative than 
non-proliferative lupus nephitis 
To conduct a plasma 
metabolomic analysis 
to determine the 
characteristics of 
patients with COPD 
with abnormal Savda 
syndrome using NMR 
spectroscopy 
technology 
103 COPD patients  
mild (n=15), 
moderate (n=38) 
and severe (n=50) 





The concentration of metabolites such 
as glycoprotein in the plasma of patients 
with COPD with abnormal Savda 
syndrome was lower than in the plasma 
of patients with COPD with non-
abnormal Savda syndrome and the 







To investigate the 
association of GlycA 
with albuminuria and 
eGFR in a Brazilian 
cohort of middle-aged 









GlycA was higher in older women, 
smokers, teetotallers, the obese and 
those with diabetes, hypertension or 
dyslipidemia. GlycA was independently 
associated with log albuminuria and 
inversely related to eGFR.In the ROC 
curve, GlycA had a higher AUC than 
hsCRP (AUC 0.67 vs. 0.62, p = 0.06) for 
the association with albuminuria A2 or 
A3. 
CKD Titan et 
al. 
2017157 
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To examine whether 
GlycA levels increased 
with active disease and 
to establish whether 
this could be a more 











Mean GlycA levels in this cohort were 
higher than those reported for a normal 
population. GlycA increased significantly 
with each point increase in SLEDAI- The 
African American population had lower 
VLDL, triglycerides and higher levels of 




To investigate the 
relationships 
between GlycA and 
psoriasis, and between 










Psoriasis patients had higher levels of 
hsCRP and GlycA which remained 
significant after adjustment for age, sex, 
BMI and traditional CV risk factors. 
GlycA is associated with vascular 
inflammation and coronary artery 








To explore the 
relationships of GlycA 
with inflammation and 
cardiometabolic risk in 
RA, and explore 
whether these 
relationships were 
similar to those of 









GlycA concentrations were significantly 
elevated in RA versus controls (P = 
0.036). 
In RA, greater GlycA associated with 
disease activity and inflammation. In 
BMI-matched controls, these 
inflammatory associations were absent 
or weaker. In RA, greater GlycA was 
associated with more total abdominal 
RA and CVD Barlett 
et al. 
2016139 
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adiposity and less muscle density. In 
BMI-matched controls, GlycA was 
associated with more cardio-metabolic 
markers: BMI, waist circumference, 
adiposity measures and insulin 
resistance 
To test whether GlycA 
is a biomarker of 




patients with RA. 
166 RA patients 






GlycA concentrations were higher in 
patients with RA than in control 
subjects. In RA, GlycA was strongly 
correlated with DAS28 based on 
erythrocyte sedimentation rate (DAS28-
ESR) and DAS28 based on C-reactive 
protein (DAS28-CRP) and their 
components, including tender and 
swollen joint counts, global health score, 
ESR and CRP. For each quartile increase 
in GlycA, the odds of having coronary 
artery calcium increased by 48 %.   
RA Ormset
h et al. 
2015140 
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To test the hypothesis 
that GlycA 
concentrations are 
elevated in patients 
with SLE and 





116 SLE patients 






Patients with SLE had higher 
concentrations of GlycA than control 
subjects. In patients with SLE, 
concentrations of GlycA were 
significantly associated with ESR, CRP, e-
selectin, intracellular adhesion 







associated with GlycA 
by leveraging 
population-based 
omics data and health 
records from >10,000 
individuals. 
11,825 individuals 












In apparently healthy individuals, GlycA 
can be chronically elevated for periods 
of up to a decade. In individuals with 
high GlycA, modest elevation of 
numerous cytokines is suggestive of a 
prolonged low-grade inflammatory 
state. 
High GlycA levels correlated with an 
increased risk of hospitalization and 
death from various infections 
(septicemia and pneumonia). GlycA 











phenotyping was used 
to identify biomarkers 
47 RA patients 





Cholesterol, lactate, acetylated 
glycoprotein, and lipid signatures were 
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in the plasma of 
patients with RA. 
stored at or 
below -25 °C for a 
period of up to 19 
months 
Cognitive function and 
psychological health 
     
To present a new 
three-molecular-
window approach that 
gives specific 
molecular data on 
macromolecular lipid–
protein aggregates 
such as lipoprotein 
particles, on various 
low-molecular-weight 
metabolites, and on 
individual lipid 
molecules together 
with their degree of 
(poly)(un)saturation. 
180 elderly people 
(54 related to MCI, 
with severely 
increased risk of 
AD). 
AVANCE 500 DRX 
spectrometer 
1D CPMG pulse 
sequence 
Serum samples 
Positive association between MCI and 
the MetS. Low relative amount of n3 
fatty acids appears more indicative of 
MCI than low serum n3 or 
polyunsaturated fatty acid 
concentration as such. Elevated 
circulating glycoproteins in the risk of 
AD. 
MCI and AD Tukiain
en et al 
2008159 
UNIVERSITAT ROVIRA I VIRGILI 
1H-NMR GLYCOPROTEIN ANALYSIS: AN ADVANCED APPROACH FOR INFLAMMATORY DISEASES DIAGNOSIS 
Rocio Fuertes Martín 
 
         CHAPTER 3 
                
123 
 
To develop a 
biomarker panel to 
provide support for 
objective diagnostic 





 health patients 
23 healthy controls 
Bruker 600 MHz 




A biomarker panel containing 
phenylalanine, glutamine, tyrosine, 
citrate, N-acetyl-glycoproteins and 
TMAO was identified and there was a 
high correlation with the state of 
psychological suboptimal health. 
Psychologica





To examine the 
association of  
the inflammatory 
markers CRP, 
fibrinogen, WBC and 
GlycA, measured in 
young adulthood and 
of GlycA change over 
13 years follow-up 
with cognitive function 
in midlife 
507 participants 







The highest quintile of GlycA change, 
but not the baseline inflammation 
measures, was inversely related to 
global cognition as well as to 
information processing speed and 








Rare vascular diseases  
     
To confirm previous TA 
findings in a larger 
group of patients and 
to study their 
correlation with 
disease activity 
Total: 45 active TA 
patients and 53 
inactive TA patents 
57 TA patients 
(active and 
inactive) follow-up 
Bruker Avance III 




The sera of TA patients were 
characterized by elevated levels of LDL, 
NAG, glucose, glutamate, 
phosphoglyceride, glycerol, 
glycerophophocholine, and decreased 
levels of glucogenic amino acids, lactate 
TA Jain et 
al. 
201878 
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43 healthy controls 
and creatine. The key metabolites with 
highest discriminatory potential in active 
TA were glutamate and N-acetyl 
glycoprotein (NAG), both elevated. 
To determine the 
ability of 
GlycA concentrations 




patients with acute KD 
from those with other 
febrile illnesses. 
75 acute KD  
36 post-treatment 
subacute KD  
63 convalescent KD 
48 febrile controls 
48 and age-similar 






GlycA was higher in acute KD subjects 
than other groups. GlycA and NMR-
measured lipoprotein particle 
parameters may be useful for 
distinguishing acute KD from bacterial or 
viral illnesses (ROC AUCs of 0.910 and 
0.909 for GlycA combined with either 





y et al. 
2016163 
To investigate the 
metabolic profiles of 
sera derived from TA 
patients using NMR 





identification of TA 
patients and (b) 
whether metabolic 
differences in TA 
29 TA patients 
30 controls 
Bruker Avance III 




Compared to healthy controls, TA 
patients 
had (a) increased serum levels of choline 
metabolites, LDL cholesterol, NAGs, and 
glucose and (b) decreased serum levels 
of lactate, lipids, HDL cholesterol, and 
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patients are related to 
the risk of TA 
progression. 
  
Pregnancy    
    
To explore the effects 
of habitual diet and 
adherence to the 
recommended diet on 
gut microbiota, serum 
lipidomics and low-
grade inflammation, 
and the relationship of 
gut microbiota 
composition to serum 
lipidomics and 
inflammatory markers 












Multiple nutrients correlated with GlycA 
including fibre, LC-PUFA and n-3 LC-
PUFA and several vitamins and minerals 
but no correlations were detected 
between any of the nutrients and hs-
CRP and LPS. Higher gut microbiota 
richness is negatively linked with low-
grade inflammation marker GlycA, which 
was further related to intake of several 
nutrients including fibre and LC-PUFA. 
No similar relationship between hs-CRP 
and gut microbiota richness, suggesting 
that the inflammatory pathway of GlycA 
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To investigate the 
extent to which 
intestinal permeability, 
measured by serum 
zonulin concentration, 
is related to metabolic 
endotoxemia and 
metabolic risk markers 
in overweight pregnant 
women. 
100 overweight 








Both LPS and GlycA showed a positive 
relationship with insulin resistance, 
serum insulin, triglycerides, and total 
and LDL-cholesterol, and a negative 
relationship with insulin sensitivity. 
Serum zonulin was found to associate 
positively with LPS, hs-CRP, GlycA, 









a et al. 
201796 
To evaluate the 
metabolic adaptations 
reflected in plasma 
throughout healthy 
pregnancies by 
carrying out an 




25 1st T 
30 2nd T 






Noesy, cpmg and 
led pulse 
sequences 
Gradually increase of N-acetyl 
glicoproteins. 
Direct link between LDL+VLDL and N-
acetyl-glycoproteins 
Pregnancy  Pinto 
et al. 
201581 
Primary aldosteronism      
To determine the 




and BCAA, as 







501* subjects with 
Vantera® Clinical 




GlycA was increased in PA vs the three 





s et al. 
2019167 
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altered in individuals 















Sickle cell disease  
     
To evaluate plasma 
GlycA levels in a cross-
sectional sample of 
patients with SCD and 
specifically test levels 
in patients 
experiencing an acute 
painful vaso-occlusive 
crisis. 
488 patients with 
SCD in “steady 
 state” including 52 
healthy controls 
and 12 patients 
(from the same 
group) during an 
acute pain crisis. 
Vantera® Clinical 




The mean plasma GlycA level was lower 
in SCD than in healthy controls. 
Within the same patient, mean plasma 
GlycA during acute pain crisis was lower 
than in steady state, although the 







     
To characterize the 
metabolic 
effects of T. brucei 






Among other metabolites, NAG is 




UNIVERSITAT ROVIRA I VIRGILI 
1H-NMR GLYCOPROTEIN ANALYSIS: AN ADVANCED APPROACH FOR INFLAMMATORY DISEASES DIAGNOSIS 
Rocio Fuertes Martín 
 






     
To investigate the 
association of 24-h 
sodium excretion with 
the 2 inflammatory 
markers GlycA and 
hsCRP in a large 
population-based 
cohort of men and 
women. To assess the 
role of adiposity in the 
association between 
sodium intake and 
inflammatory markers 
3,935 subjects from 
a general 
population 






The proinflammatory biomarkers GlycA 
and hsCRP are inversely related to 
higher 24-h sodium excretion when 





n et al. 
2016116 
Tobacco smoking      
To determine whether 
smoking is associated 
with systemic 
inflammation as 
measured by GlycA 
levels. We also sought 
to compare the 
strength of the 
association of smoking 
11,509 participants 
(6,774 from the 







Compared with people who had never 
smoked, former and current smokers 
had significantly higher adjusted means 
of GlycA levels. Each 5-unit increase in 
pack-years of smoking was associated 
with higher GlycA levels among former 
and current smokers. Among former 
smokers, each 5-year increase in time 
since quitting smoking was associated 
Smoke Kianou
sh et al. 
2017171 
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and GlycA versus the 
association of smoking 
and hsCRP. 
with lower GlycA levels and each 10-unit 
increase in number of cigarettes/days 
was associated with higher GlycA among 
current smokers. 
Results were significant for the 
association between all measures of 
smoking behaviour and GlycA and 
hsCRP. 
Effect of excercise      
To study whether 
persistent physical 
activity compared with 
inactivity has a global 
effect on serum 








and 1,037 age-and 
sex-matched pairs. 
Median follow-up 5 
years 
Bruker AVANCE III 
500 MHz 
spectrometer  
NOESY and CPMG 
pulses 
Serum samples 
Isoleucine, α1-acid glycoprotein, and 
glucose were lower in the physically 
active than in the inactive individuals 
(P<0.001 in meta-analysis) (findings 







To examine the effects 
of regular exercise on 
the inflammatory 
marker GlycA across 
seven studies and 14 
exercise interventions 





Regular exercise significantly reduced 
plasma GlycA even after adjustment for 
age, sex, race, baseline BMI, and 
baseline GlycA.  
Changes in GlycA were correlated with 
changes in traditional inflammatory 
markers, C-reactive protein, interleukin-
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correlations were relatively weak (range 
r: 0.21e0.38, p < 0.0001). 
Effect of treatments  
     
To use 1H NMR and 
UPLC/MS to study  





20 non treated type 
2-DM patients  
 
15 treated type 2-
DM  




NAC was lower in serum from 
metformin treated patients than in 










change in response to 
successful ART 
328 HIV-1 infected 







On average, a 10% decline but not 
significant in levels of GlycA was 
apparent over 48 weeks with all the 




s et al. 
2015138 
Toxicity 
     








Bruker AV 600  
CPMG (64 scans) 
Serum samples 
N-acetyl moieties of glycoprotein 
significantly increased (p<0.01) in 
valproate sodium induced 
hepatotoxicity, among other 
metabolites such as glucose, lactate, 
acetoacetate, VLDL/LDL, 
lysophosphatidylcholines, 
Drug toxicity Huo et 
al. 
201474 
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phosphatidylcholines, choline, creatine, 
amino acids, pyruvate and uric acid. 
Others 
     
To determine potential 
relationships between 
GlycA and adiposity, 
insulin resistance, hs-
CRP, leptin, 
adiponectin, and the 
leptin/adiponectin 
ratio, and to test 
whether GlycA is 
elevated in subjects 
with impaired fasting 
glucose and T2DM. 
103 fasting subjects 
(30 with 
 normal fasting 
glucose, 
 25 with IFG and 






Plasma GlycA was correlated positively 
with BMI, HOMAir, hs-CRP, leptin and 
the leptin/adiponectin ratio, and 
inversely with adiponectin. GlycA did not 
significantly vary with the glucose 
tolerance category. GlycA was related 
positively to the leptin/adiponectin 








t et al. 
201594 
a) To report on levels 
of GlycA and the 
change in GlycA as 
children move from 
6th to 8th grade; b) to 
examine whether BMI 
group is associated 
with GlycA in these 
children; c) to 
determine if fitness 
was associated with 
1,664 US 
adolescents from 






In the 8th grade the median GlycA 
values were 27  µmol/L higher for girls 
than boys. 
GlycA levels are 19% higher in obese 
girls than healthy weight girls. Strong 
evidence (p<0.001) that in all sub-groups 
(6th grade boys and girls, and 8th grade 
boys and girls) GlycA is higher in higher 
BMI groups. The lowest levels of GlycA 
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GlycA, LP-IR and 
traditional lipid panel 
variables; and d) to 
examine whether 
fitness and BMI are 
independently related 
to GlycA and/or LP-IR. 
with the highest levels in the high 
BMI/low fitness group. 
To use 1H NMR to 
examine the metabolic 
profiles of plasma from 
FD patients before and 
after treatment by 
acupuncture. 
6 female FD 
patients 







Lower levels of lactate, 
leucine/isoleucine, NAC, and LDL/VLDL 
in FD patients than in healthy controls 
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4. Characterization of 1H-NMR Plasma 
Glycoproteins as a new strategy to identify 
inflammatory patterns in Rheumatoid 
Arthritis
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4.1. Abstract  
Rheumatoid Arthritis (RA) is a chronic autoimmune 
inflammatory disease associated with a high index of morbidity and 
mortality from cardiovascular diseases (CVDs). In this study we used 
1H-NMR to characterize the plasma glycoprotein and lipoprotein 
profiles of a cohort of patients with RA (n=210) versus healthy 
individuals (n=203) to associate them with the RA disease and its 
severity. Using 1H-NMR, we developed a lineshape method to 
characterize the two peaks associated with glycoproteins (GlycA and 
GlycB) and its derived variables: areas of GlycB (Area GlycB) and 
GlycA (Area GlycA), shape factors of these two peaks 
(H/W=Height/Width) and the distance between them (Distance GlycB-
GlycA).  It was also used the advanced lipoprotein test Liposcale® 
(CE) to characterize the lipoprotein subclasses. The standard lipid 
panel and traditional inflammatory markers such as C-reactive protein 
(CRP), the erythrocyte sedimentation rate (ESR), fibrinogen, the 
rheumatoid factor (RF), anti-citrullinated peptide antibodies (ACPA) 
and the DAS28 index has been also determined. RA patients presented 
a significant 10.65 % increase in the GlycA associated area compared 
to the control group (p=2.21x10-10). They also presented significantly 
higher H/W GlycA and GlycB ratios than the control population (H/W 
GlycB p=7.88x10-08; H/W GlycA p=5.61x10--08). The prediction 
model that uses the traditional inflammatory variables and the 1H-
NMR-derived parameters presented an AUC that was almost 10% 
higher than the model that only uses the traditional inflammatory 
variables (from 0.7 to 0.79 AUC). In this study, we have demonstrated 
that GlycA and GlycB variables derived from 1H-NMR, along with 
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classic inflammatory parameters helps to improve the classification of 
individuals with high RA disease activity. 
 
4.2. Introduction 
 Rheumatoid arthritis (RA) is a systemic disease characterized 
by chronic inflammatory involvement of the synovial membrane of the 
joints and autoantibody production (rheumatoid factor [RF] and anti–
citrullinated protein antibody [ACPA]).1,2 This autoimmune process 
destroys cartilage and joint bones as well as ligaments and tendons. 
The exact cause of RA is not known but it is considered a multifactorial 
disease, resulting from the interaction of risk factors such as genetic 
susceptibility, sex, age, smoking, and infectious, hormonal, dietary, 
socioeconomic and ethnic agents. Patients with RA may have any of 
the traditional risk factors for cardiovascular disease (elevated levels 
of low-density lipoprotein [LDL] cholesterol or high-density 
lipoprotein [HDL] dysregulations). However, evidence suggests that 
the prevalence of these risk factors is no higher than in the general 
population.3 Studies on the incidence and prevalence of RA in recent 
decades estimate a prevalence between 0.5 and 1% depending on the 
population studied, with an annual incidence of 0.02-0.05%.4 Given 
that the course of the disease is chronic and progressive in most RA 
patients, there is a high socioeconomic cost as well as a significant 
impact on the physical function, productivity, quality and life 
expectancy of the patients. 
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Comorbidities may precede or accompany RA and there is 
evidence to suggest that the systemic inflammation and immune 
dysfunction that characterize RA play a major role in its development 
and acceleration.5 Of these comorbidities, CVD is the leading cause of 
death in patients with RA. It is well established in the literature that the 
rate of CVD is higher in RA patients than in the general population.6,7 
The chronic inflammatory state of RA contributes to the onset and 
development of accelerated atherosclerosis, since the inflammatory 
process in synovial and atherosclerotic plaques is very similar.8 In 
addition, there is an increase in the synthesis of proinflammatory 
cytokines such as TNF-alpha and IL-6, which facilitates endothelial 
dysfunction as an initial step in atherosclerosis, leading to the 
formation and rupture of atherosclerotic plaques.9  
The classical way of measuring the severity of inflammation 
through acute-phase reactants or serum or plasma proteins, mainly 
glycoproteins, was first described many years ago.10 Serial 
measurements of the erythrocyte sedimentation rate (ESR), which is 
largely a measure of fibrinogen, have been used to monitor the progress 
of inflammatory disorders. Moreover, C reactive protein (CRP) reflects 
the clinical course of the disease over periods up to three years and is 
objective, simple and easy to record. However, the acute-phase protein 
response is not specific to rheumatoid arthritis. To measure the disease 
activity of patients with RA the DAS28 index is used. It is a composite 
score of four measures: the number of tender joints (out of 28), the 
number of swollen joints (out of 28), ESR, and the general health of 
the patients.11 
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Several studies have shown that glycoproteins play a key role 
in inflammatory and pathological processes.12–15 Protein glycosylation 
is a post-translational process responsible for the attachment of glycan 
chains to the nitrogen of an asparagine residue (N-linkage) or to the 
oxygen of a serine or threonine residue (O-linkage) by a covalent 
bond.16,17 During inflammation, there are changes in the number of 
antennary branches, increased sialylation and fucosylation, and 
decreased galactosylation.18 The branches are rich in N-
acetylglucosamine (GlcNAc), N-acetylgalactosamine (GalNAc), N-
acetylneuraminic acid (or sialic acid) and fucose residues.16,18–20 The 
plasma levels of circulating glycoproteins rise (positive acute phase 
proteins) or fall (negative acute phase proteins) during the acute phase 
response to the presence of some environmental stimuli in the 
organism.21 The role of glycosylation in the structural changes of 
proteins means that they can be used as potential early biomarkers of 
disease.  
Currently, the serum concentrations of glycoproteins such as 
antibodies, antiproteases, and binding or transport proteins are 
determined using a variety of methods: for example, enzyme-linked 
immunosorbent assays (ELISAs), electrochemiluminescence 
immunoassay (ECLIA), luminex-based assays, radioimmunoassays 
(RIA) and nephelometric assays. These methods quantify the amount 
of protein in biological samples.22 Despite this, to date there is no high-
performance, fast, or sufficiently sensitive technology that can measure 
the glycan portion of inflammatory proteins and quantify a measure of 
general glycosylation that can be useful for diagnosis, and the 
assessment of disease severity and treatment efficacy.  
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Given the imperfections of conventional biomarkers for the 
diagnosis, prognosis, risk prediction and disease prevention at the 
individual patient level, there is an ongoing effort using novel high-
precision laboratory techniques to discover new biomarkers that could 
increase the sensitivity and specificity of the current clinical results. 
The increasing role of proton nuclear magnetic resonance (1H-NMR) 
spectroscopy in recent years has enabled compounds such as 
metabolites, lipoproteins and glycoproteins to be detected.23 As many 
of the 1H-NMR peaks are overlapped, the total-line-shape (CTLS) 
fitting strategy has been used to quantify the individual signals by 
modelling theoretical functions.24 
It has been reported elsewhere that 1H-NMR spectroscopy can 
quickly and accurately detect circulating levels of glycoproteins.21,25  
Thanks to the initial work by Bell et al.,26 the quantification of 
glycosylated proteins is now technologically viable using the signals 
associated with the side-chain protons of the N-acetyl-carbohydrate 
groups, which are covalently bound to plasma glycoproteins. 25 
Recently, a pro-inflammatory glycoprotein biomarker termed 
GlycA has been reported in the literature as a marker of inflammation 
that can be measured by proton nuclear magnetic resonance (1H-NMR) 
spectroscopy and is associated with cardiometabolic disease and 
mortality and other inflammatory diseases.21,25,27–29 It can also be used 
to quantify plasmatic glycosylated proteins .30,31 In particular, this 
signal is associated with the concentration of specific residues of N-
acetylglucosamine and N-acetylgalactosamine in the branched side 
chains of glycosylated plasma proteins (mainly α1-antitrypsin, α1-
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antichymotrypsin, haptoglobin and transferrin). It has been shown that 
the quantification of these signals is a good indicator of the detection, 
prognosis and therapeutic monitoring of tissue injury marked by 
systemic inflammatory processes, as well as cardiovascular risk and 
type 2 diabetes.25,32 Additionally, it is demonstrated that higher serum 
levels N-acetyl signal of glycoproteins has been revealed also as a 
biomarker of metastatic colorectal cancer.33 Some associations with 
classical inflammation markers have been described previously as is 
the relationship of GlycA and CRP.25 
Considering that there is a need for more reliable inflammatory 
risk assessment tools, in this study we aim first to use 1H-NMR to 
characterize the plasma glycoprotein profile of a cohort of patients with 
RA versus healthy individuals. Our second aim is to model the activity 
of RA to identify patterns indicating the severity of the disease. 
 
4.3. Experimental section 
4.3.1. Patients 
The study population included 210 individuals (n=76 men and 
n=134 women) with a mean age of 58.00 (±12) and a body mass index 
of 27.79 (±6) who had been diagnosed with RA and were attending the 
rheumatology unit of the HUSJ (Hospital Universitari Sant Joan de 
Reus, Spain). We excluded patients older than 80 and younger than 20, 
and patients with acute intercurrent diseases. Another population of 
203 apparently healthy individuals (CT) without AR and CVDs 
matched by sex, age, and body mass index were used as the control 
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group. The study was approved by the ethical clinical research 
committee of the HUSJ and informed consent was obtained from each 
patient. Patients were visited between September 2011 and November 
2014 and on the same day of the medical visit, blood was collected. 
4.3.2 Plasma sample handling and analytical methods 
Blood samples were withdrawn from the antecubital vein of 
each participant at the time of recruitment after a 12-hour overnight 
fast. EDTA plasma was prepared from venous blood collected into 
sterile, evacuated tubes (BD, Vacutainer). Plasma was immediately 
separated by low-speed centrifugation at 4 °C and frozen at -80 °C until 
biochemical and NMR analysis 
4.3.2. Biochemical analysis 
For the RA patients, we used traditional biochemical methods 
to determine the classic inflammatory markers: CRP, ESR, fibrinogen, 
rheumatoid factor (RF) and anti-citrullinated peptide antibodies 
(ACPA). The index of clinical activity was assessed by the DAS28 
index.  Apolipoprotein A1 and B:100 concentrations and the standard 
lipid profile including total cholesterol, HDL cholesterol and 
triglycerides were also determined. LDL cholesterol was calculated 
using the Fridewald formula.34   
4.3.3. Glycoprotein profiling 
Plasma samples (250 μL) were previously diluted with 31 µl 
deuterated water and 244 µl of 50 mM phosphate buffer solution (PBS) 
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at pH 7.4 consisting of 30.70 Na2HPO4 mM and 19.30 NaH2PO4 mM 
before NMR analysis.  
 1H-NMR spectra were recorded at 310 K on a Bruker Avance 
III 600 spectrometer operating at a proton frequency of 600.20 MHz 
(14.1 T). One-dimensional 1H-NMR pulse experiments were carried 
out using the nuclear Overhauser effect spectroscopy (NOESY)-
presaturation sequence (RD-90° -s1-90° -sm-90° ACQ) to suppress the 
residual water peak. The time s1 was set to 4 µs, and the time sm (mixing 
time) was 100 ms. The 90° pulse length was calibrated for each 
sample35 and varied from 12.3 to 20.2 µs. The spectral width was 30 
ppm (18,000 Hz) and a total of 64,000 data points and four scans (NS) 
and a receiver gain value of 14.2 were acquired for each sample in 
NOESY pulse. The gradient pulse strength was 95% of the maximum 
strength of 53 G cm-1 (0.535 T m-1). The glycoprotein profiling method 
was performed in the region between 2.15 and 1.90 ppm of chemical 
shift.36 
4.3.4. Lipoprotein characterization 
The diluted plasma samples used for the glycoprotein profiling 
were analyzed by using the NMR based Liposcale® test (CE) 
previously reported.37 This protocol evaluates lipid concentrations (i.e., 
triglycerides and cholesterol), size and particle number of three 
different classes of lipoproteins (VLDL, LDL and HDL), as well as the 
particle number of nine subclasses (large, medium and small VLDL, 
LDL and HDL). Briefly, particle concentration and diffusion 
coefficients were obtained from the measured amplitudes and the 
attenuation of their spectroscopically distinct lipid methyl group NMR 
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signals. To determine the lipoprotein size, the methyl signal was 
surface fitted using a previously reported procedure 37 with the 
numbers of functions so the nine lipoprotein subclasses could be 
determined. The NMR functions were associated with a given 
lipoprotein subclass (large, medium and small VLDL, LDL or HDL) 
according to their associated NMR size. The mean particle diameter 
for the subclasses (and the estimated ranges) were as follows: large 
VLDL particles (VLDL-P), 75.2 nm (>60 nm); medium VLDL-P, 52.1 
nm (45-60 nm); small VLDL-P, 37.1 nm (35-45 nm); large LDL 
particles (LDL-P), 22.8 nm (22.5-27 nm); medium LDL-P, 20.5 nm 
(20-22.5 nm); small LDL-P 18.9 nm (18-20 nm); large HDL particles 
(HDL-P), 10.1 nm (9-13 nm); medium HDL-P, 8.7 nm (8.2-9 nm); 
small HDL-P, 7.8 nm (<8.2 nm) in agreement with previous 
literature.38–40 
The particle numbers of each lipoprotein subclass were 
calculated by dividing the lipid volume by the particle volume of a 
given class. The lipid volumes were determined using common 
conversion factors to convert the concentration units of the esterified 
cholesterol (CE) and triglycerides (TG) contained in the lipoprotein 
core into volume units by using the averaged molecular volumes 1.058 
g/ml and 1.021 g/ml for CE and TG and molar mass respectively.41 
Finally, weighted average VLDL, LDL and HDL particle sizes (in nm 
diameter units) can be calculated from the various subclass 
concentrations by summing the known diameter of each subclass 
multiplied by its relative percentage of subclass particle number as 
estimated from the intensity of its methyl NMR signal. 42 
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4.3.5. Statistical analysis 
  All statistical analyses were computed in MATLAB, Ver. 
7.10.0 using PLS-Toolbox, Ver. 5.2.2 (Eigenvector Research). Firstly, 
univariate statistical analysis of the glycoprotein variables was 
conducted to identify differences between the RA patients and the 
healthy individuals. The Lilliefors test was used to study the normality 
of each variable. Not all the variables followed a normal distribution, 
therefore in this study the non-parametric Wilcoxon-Mann-Whitney 
test was applied. The false discovery rate (FDR) adjustment was 
applied in all the tests of the present study.43 A Partial Least Squares-
Discriminant Analysis (PLS-DA) with the glycoprotein variables 
measured by 1H-NMR was conducted to identify the characteristic 
glycoprotein profiles associated with the AR disease and the healthy 
group. Additionally, to study the relationship between glycoprotein 
variables and lipids in the RA population we focused on the 
associations between the glycoprotein and lipoprotein variables 
determined by biochemical methods and the Liposcale® test. The 
associations between the glycoprotein variables and the inflammatory 
markers CRP, ESR, RF, ACPA and DAS28 were also studied. 
Spearman correlation coefficients were calculated for variable 
distributions. 
Finally, various auto-scaled and cross-validated PLS-DA 
models by Venetian blinds cross validation were evaluated to build the 
best predictor model and identify individuals in the highest 20th 
percentile of disease activity according to the DAS28 index.44 The 
input variables used were the traditional inflammatory markers and 1H-
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NMR parameters (glycoprotein and lipoprotein). Because of the high 
number of variables, the variable selection method Genetic Algorithms 
(GA)45 was used to construct more reliable models. Receiver Operating 
Characteristic (ROC) curves were evaluated to assess the diagnostic 




The RA group consisted of 210 individuals (n=76 men and 
n=134 women) with a mean age of 58 (±12.2) and a body mass index 
of 27.79 (±6) distributed in 4 groups according to their DAS28 index. 
The demographic, clinical and biochemical characteristics of patients 
are shown in table C4.1.  
We deconvoluted mathematically the glycoprotein region as 
follows: the raw spectra was fitted with five analytical Voigt functions 
corresponding to the five signals: low molecular weight (LMW), 
GlycB, GlycA, G-lipid, and baseline based on their chemical shift. For 
each of these functions the total area (proportional to the 
concentration), the height, the position (characteristic of the magnetic 
environment) and the width (related to the flexibility and the 
aggregation state of the molecules generating the signal) were 
determined. The baseline function was used to fit the background 
within the region 1.80 – 1.92 ppm. The function LMW was used to fit 
the low molecular weight metabolites that resonate in the region 2.12 
– 2.14 ppm. The functions GlycB and GlycA were used to fit the signal 
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produced by the -COCH3 acetyl groups of N-acetylglucosamine and 
N-acetylgalactosamine (GlycA) and N-acetylneuraminic acid (GlycB), 
which resonates in the region 2.02 – 2.07 36; and the G-lipid function 
was used to fit the signal produced by the CH2=C protons of lipids in 
the sample, which resonates in the region 1.95 – 2.01 ppm. Figure 
C4.1 focuses on the glycoprotein profiling region of the spectrum. 
 
Table C4.1. Demographic, clinical and biochemical characteristics of 
patients and controls. 
  RA group Control group 
  Number %  Mean SD Number %  Mean SD 
Gender 
Women 134 63.8     131 64.5   
Men 76 36.2     72 35.5   
Age (years)     58 12    45 16 
BMI (Kg/m2)     27.79 5.89     25.30 2.99 
Waist circumference 
(cm) 
    92 15  
   
Systolic blood pressure     137 21     
Diastolic blood pressure     81 12     
HDL cholesterol (mg/dL)     65 19     
LDL cholesterol (mg/dL)     118 31     
Triglycerides (mg/dL)     105 56  
   
Glucose (mg/dL)     95 23  




No  154 73.3         
Yes 56 26.7      




No  185 88.1         
Yes 25 11.9      
   
Hypertension 
(n, %) 
No 85 40.5         
Yes 125 59.5         
Dyslipidemia 
(n, %) 
No 124 59.0         
Yes 86 41.0         
Disease duration (years)     9.3 9.2 
    
DAS28     3.45 1.27     
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57 27.1     





39 18.6     





95 45.2     






      
HAQ (0-2.5)     0.44 0.52     
Rheumatoid 
factor + (n, 
%) 
Negative 58 27.6         
Positive  152 72.4     
    
ACPA+ 
Negative 40 19.0         
Positive  170 81.0         
ESR (mm/h)      37 26 
    
CPR (mg/dL)     0.72 0.84 
    
Fibrinogen (mg/dL)     442 98 
    
DMARs 
No 51 24.3       
Yes 159 75.7       
Biological 
agent  
No 169 80.5       
Yes 41 19.5       
Corticoids 
No 105 50.0       
Yes 105 50.0       
NSAIDs 
No 89 42.4       
yes 121 57.6       
 
HAQ=health assessment questionnaire index, ACPA=citrullinated anti-cyclic 
peptide antibodies, ESR=erythrocyte sedimentation rate, CRP=C-reactive protein, 
DAS28=disease activity score, DMARDs=disease-modifying antirheumatic drugs, 
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Figure C4.1. Mathematically treated proton nuclear magnetic 
resonance spectrum (phase corrected, referenced and scaled) in which 
the region where the signal produced by glycosylated proteins is 
indicated. The raw spectra were fitted with five analytic Voigt 
functions corresponding to five signals LMW (blue), GlycB (green), 
GlycA (red), G-lipid (cyan), and baseline (purple).  
 
Additionally, for GlycB and GlycA functions we calculated the 
derived parameters H/W=Height/Width to capture the shape of the 
peaks and the parameter distance GlycB-GlycA to measure the 
distance between these two signals. 
In this study, due to the high degree of correlation between the 
variables obtained by the peak deconvolution, we shall only consider 
the following five variables: areas of GlycB (Area GlycB) and GlycA 
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(Area GlycA), shape factors of these two peaks (H/W=Height/Width) 
and the distance between them (Distance GlycB-GlycA). The area of 
these functions gives us information about the concentration of acetyl 
groups of N-acetylglucosamine and N-acetylgalactosamine (GlycA) 
and N-acetylneuraminic acid (GlycB) in plasma. The shape factor ratio 
H/W provides information on what the function is like in each case 
depending on its height, which is related to the concentration, and its 
width, which is related to the flexibility and the aggregation of the 
molecules generating the signal. The variable Distance GlycB-GlycA 
indicates the relative distance between the chemical shift of both peaks.  
The parameters mentioned above were extracted by a lineshape 
fitting process from the NOESY spectra using the normalized root 
mean squared error (NRMSE) in the interval 1.90 – 2.15 ppm. The 
error in all samples was smaller than 2.93 %.  
The results of the univariate analysis showed that RA patients 
presented a significant 10.65 % increase in the GlycA associated area 
compared to the CT group (p=2.21x10-10). They also presented 
significantly increase in the H/W GlycA ratio (12.70%) and GlycB 
ratio (16.76%) than the control population (H/W GlycB p=7.88x10-08; 
H/W GlycA p=5.61x10-08). The distance between the two functions in 
the RA group was significantly greater than in the control group (see 
Table 2). Area GlycB, Area GlycA and the distance parameters did not 
follow a normal distribution and, as has been explained in statistical 
analysis section, the non-parametric Wilcoxon-Mann-Whitney test was 
used to calculate the significance for all parameters.  
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Table C4.2. Results of univariate analysis between RA and healthy 
individuals (CT) 
  AR CT 
 
Variable Median Iqr Median Iqr p-value 
Area GlycB (a.u.) 2.14x10-01 8.56x10-02 2.22x10-01 7.39x10-02 1.89x10-
01 
Area GlycA (a.u.) 5.26x10-01 1.12x10-01 4.70x10-01 1.09x10-01 2.21x10-
10* 
H/W GlycB 3.94x10-03 1.81x10-03 3.27x10-03 1.03x10-03 7.88x10-
08* 




3.30x10-02 9.16x10-04 3.21x10-02 9.17x10-04 3.68x10-
22* 
 
Significant values (p<0.05) are marked (*).Median and interquartile range (Iqr) are 
reported. The Wilcoxon-Mann-Whitney test has been used to calculate significance. 
P-values adjusted by FDR. 
 
Figure C4.2a shows the score plot of a PLS-DA model 
(p=5.18x10-15, Q2=0.128) of three latent variables (LV) built to 
discriminate RA patients from CT individuals by using the 5 1H-NMR-
derived glycoprotein parameters as the input dataset. Figure 2b shows 
the loading plot of the same PLS-DA model to illustrate the 
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Figure C4.2a. 3D Score plot of the PLS-DA model (3 latent variables) 
for CT individuals and RA patients. RA patients are shown in red and 
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Figure C4.2b. PLS-DA loading plot showing the NMR glycoprotein-
derived parameters contributing to the separation of the PLS-DA 
scores in RA patients and CT individuals. 
 
The relationship between glycoprotein variables and clinical 
inflammatory markers was also studied. Table C4.3 shows the 
Spearman correlation coefficients for Fibrinogen, DAS28, ESR, CRP, 
RF, ACPA and Albumin. There was a significant, positive but modest 
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correlation between the five glycoprotein variables and Fibrinogen, 
ESR, CRP and DAS28. There was also a significant and positive 
correlation between H/W GlycB and RF and ACPA. Correlations with 
Albumin are negative but significant. Figure C4.2S of the Supporting 
Information shows some dispersion plots of these results. 
 
Table C4.3.  Associations between 1H-NMR glycoproteins variables 









r 0.247* 0.452* 0.477* 0.414* 0.397* 
p 1.08x10-03 1.69x10-10 2.14x10-11 4.65x10-09 2.29x10-08 
ESR 
(mm/h) 
r 0.341* 0.424* 0.436* 0.381* 0.302* 
p 2.49x10-06 1.89x10-09 5.61x10-10 9.07x10-08 4.33x10-05 
CRP 
(mg/dl) 
r 0.278* 0.456* 0.468* 0.457* 0.356* 
p 1.87x10-04 1.34x10-10 4.49x10-11 1.34x10-10 7.70x10-07 
RF r 0.127 0.109 0.196* 0.068 0.047 
p 1.03x10-01 1.65x10-01 1.19x10-02 4.02x10-01 5.74x10-01 
ACPA r -0.019 0.090 0.143 0.042 0.019 
p 8.20x10-01 2.56x10-01 6.84x10-02 6.09x10-01 8.20x10-01 
DAS28 r 0.214* 0.285* 0.259* 0.229* 0.127 
p 5.35x10-03 1.25x10-04 5.59x10-04 2.83x10-03 1.01x10-01 
Albumin 
(g/dl) 
r -0.144 -0.168* -0.132 -0.183* -0.257* 
p 6.79x10-02 3.18x10-02 8.87x10-02 1.86x10-02 6.33x10-04 
 
Spearman correlation coefficients (r) and p-value (p) for each glycoprotein variable 
and the inflammatory markers obtained by traditional biochemistry. P-values 
adjusted by FDR. Significant values (p<0.05) are marked (*). ESR: Erythrocyte 
sedimentation rate; CRP: C-reactive protein; RF: Rheumatoid Factor; ACPA: anti-
citrullinated peptide antibodies; DAS28: Disease Activity Score of 28 joints. 
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We also studied the relationship between the glycoprotein 
variables obtained by 1H-NMR and the lipids obtained by traditional 
biochemistry. Table S-1 of the Supporting Information shows the 
Spearman correlation coefficients and p-values for total cholesterol, 
low-density lipoprotein cholesterol (LDLc), high-density lipoprotein 
cholesterol (HDLc), very low-density lipoprotein cholesterol (VLDLc) 
and total triglycerides (TG). There was a significant but modest 
correlation between almost all glycoprotein variables and VLDLc, 
HDLc and TG. In addition, the glycoprotein variables were also 
compared with the variables of the Liposcale® test (see Table S-2). 
VLDLc was still the variable most positively and significantly 
associated with Area GlycA (0.36) and negatively associated with area 
GlycB (-0.43). Figure C4.1S of the Supporting Information shows 
some scatter plots of the mentioned correlations. 
To evaluate the ability of the models based on 1H-NMR 
glycoprotein and lipoprotein and traditional inflammatory variables to 
predict the severity of the disease, two PLS-DA models were 
constructed. The objective of the two models was to evaluate whether 
the variables of the two models were able to separate individuals in the 
AR population with a high disease activity based on the DAS28 index. 
The two models had high RA activity patients (DAS28>80th percentile 
=4.53) as the y-block input binary variable (prediction block). The first 
PLS-DA model (Model A) had values of Fibrinogen, CRP, RF and 
ACPA as the x-block input variables. The second PLS-DA model 
(Model B) used a GA variable selection method to select the most 
important of the 5 1H-NMR-derived glycoprotein variables, 23 
variables resulting from the 1H-NMR lipoprotein profile by the 
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Liposcale® test and the 4 variables in Model A as the x-block input 
variables. The variables selected by the GA were: Area GlycB, CRP, 
Fibrinogen, HDL-TG, VLDL-P, small VLDL-P, small HDL-P and 
LDL diameter (LDL-Z). Both models were auto-scaled and cross-
validated using Venetian Blinds. The significance level of Model A 
was p=0.55x10-0.2 (Q2=0.089), while model B was p= 1.1369 x 10-08 
(Q2= 0.189). The discriminant ability of the models was evaluated 
using the Area Under the Curve (AUC) of the Receiving Operating 
Characteristic (ROC) analysis which considered high RA activity 
patients (above 4.53 on the DAS28 index) as positive cases, and low-
moderate RA activity patients (below 4.53) as negative cases. Figure 
S-3 in the Supporting Information shows the population distribution of 
DAS28 and a brief description of the population for the two AR groups.  
The AUC of Model B, which included the traditional variables (Model 
A) and 1H-NMR-derived parameters, was almost 10% higher than that 
of Model A (from 0.7 to 0.79 AUC) indicating that Model B was much 
better at predicting the severity of the disease (see Figure C4.3).  
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Figure C4.3. ROC curve of cross-validated Model A (blue) and Model 
B (red) for high/low AR activity. AUC Model A-value= 0.7017;  AUC 
Model B-value= 0.7939. 
 
4.5. Discussion 
High-throughput technologies such as 1H-NMR enable 
circulating plasma or serum glycoproteins to be measured using the 
specific residues of N-acetylglucosamine, N-acetylgalactosamine and 
N-acetylneuraminic acid in the branched side chains of glycosylated 
plasma proteins. In this study we used 1H-NMR to characterize the 
plasma glycoprotein profile in RA. The results of the univariate study 
between RA and a control population confirmed expectations that RA 
patients have a significantly higher values of 1H-NMR glycoprotein 
than the control group. These results are in line with the studies by J. 
Ormseth et al. and B. Barlett et al. in which GlycA concentrations were 
higher in patients with RA than in controls.27,46 This may be because 
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RA patients have a permanent inflammatory condition that increases 
the levels of glycoproteins. In this study, we found that the area of 
GlycA was significantly higher in RA patients than in controls, which 
suggests that there was a higher concentration of glycosylated proteins 
presenting a higher signal associated with acetyl N-
acetylgalactosamine and N-acetylglucosamine methyl groups. In 
addition, the shape factor of GlycA and GlycB indicated that the ratio 
between the height and width (H/W) of the deconvoluted peaks was 
significantly higher in patients with RA, which could be explained by 
the lower glycoprotein aggregation in RA patients’ plasma. 
In this study we used 1H-NMR to characterize the glycoprotein 
profile as well as the advanced lipoprotein profile (Liposcale®). This 
has shown whether the information obtained by 1H-NMR can help 
from a clinical point of view to evaluate patients with inflammatory 
processes. Comparable findings were described in the metabolic 
phenotyping study of Lauridsen et al. 47 where a cohort of patients with 
RA where measured by 1H-NMR. They report that 1H-NMR plasma 
metabolic profiles of RA patients (including cholesterol, lactate, 
acetylated glycoprotein, and lipid signatures) were significantly 
different from healthy subjects, indicating that the state of 
inflammation in RA patients is reflected in the 1H-NMR spectra.  
Table C4.3 shows that there were significant positive 
associations between Fibrinogen, ESR and CRP and the 5 1H-NMR 
glycoprotein variables. This is in line with other studies carried out in 
this field. In 2015, Otvos et al. showed that the concentration of GlycA 
correlated with high-sensitivity CRP and fibrinogen.25,30 In this 
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context, the question arises as to whether these glycoproteins are found 
in high concentrations when there is an acute inflammatory process, 
such as rheumatoid arthritis, just as CRP, ESR and Fibrinogen are.48,49 
It should be noted that the H/W GlycA and H/W GlycB ratios were 
undoubtedly key variables throughout this study. They were a solid 
indicator of the shape of the glycoprotein peak in inflamed patients, 
capable of distinguishing RA from healthy individuals and also 
significantly correlated with lipid and inflammatory variables. 
Correlations were also found with the DAS28, which were very similar 
to the correlations with the inflammatory variables mentioned above 
since the DAS28 includes ESR measurements in its formula. 
Additionally, the glycoprotein variables are significantly associated in 
a negative way with albumin. This may be explained by the fact that 
hypoalbuminemia is characteristic of inflammatory states.15 
Furthermore, hypoalbuminemia in also related with juxta-articular 
erosions or with the incidence of peptic ulcer in RA.50 
The representation of the ROC curve comparing the two PLS-
DA models (Model A and Model B) indicated that by adding the 
glycoprotein and lipoprotein 1H-NMR variables to classical 
inflammation parameters such as Fibrinogen, CRP, RF and ACPA we 
were able to make a better classification model (Model B) of the 
severity of the disease according to the 80th percentile of the DAS28 
from the RA population.  
The results of the correlations between glycoproteins and lipid 
variables in Table C4.1S of the Supporting Information show that 
GlycA and the H/W ratio of GlycA and GlycB parameters correlated 
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negatively with HDL-cholesterol, which makes sense since HDL-C is 
related to a cardio-protective function during inflammatory processes 
that occurs in cardiovascular events.51–53 Furthermore, with the 
exception of Area GlycB, all the 1H-NMR glycoprotein variables were 
significantly and positively correlated with VLDL-cholesterol, which, 
along with LDL-c, is associated with cardiovascular events. 54 These 
significant correlations were also noted in table S-2 when we studied 
the correlations with the variables of the Liposcale® test. In addition, 
some studies highlight the importance of considering strategies to 
reduce VLDL-cholesterol as a therapeutic intervention to reduce the 
residual risk of atherosclerotic cardiovascular disease,55,56 beyond the 
well stablished strategy of reducing LDL-c.  
In recent years, the advances in knowledge at genetic level 
(through the study of epigenetic modifications) and at proteomic level 
(at the level of the study of post-translational modifications) are 
contributing to a better characterization of the functional diversity of 
genes and proteins in the pathological states.57 As we mentioned earlier 
in this study, glycosylation represents one of the most important and 
complex of these post-translational modifications. Studying the 
glycosylation of proteins could allow a more precise knowledge of the 
mechanisms of the disease and how is the implication of the proteins 
in the pathogenesis. The study of glycans has been called glycomics 
and it has received increasing interest as a novel tool for identifying 
markers and potential mediators of disease pathogenesis.31  As we 
mentioned earlier, several authors have demonstrated that a serum 
glycan signal is associated with type 2 diabetes,58 atherosclerotic 
CVD,25,27,28,59 as well as longitudinal CVD and cancer mortality 
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risk33,60 highlighting the importance of inflammation as a shared risk 
pathway. It should be noted that some authors have focused their study 
in a specific glycoprotein; for example, Menni et al.61 studied the 
glycomic profiling of IgG to identify CVD risk; and Väänänen et al.62 
studied YKL-40, a chitinase-like glycoprotein associated with 
inflammation and tissue remodeling as a potential biomarker of disease 
activity in patients with early RA. The cited study by Lauridsen et al.47 
highlights that the metabolic profile may provide additional 
information to the clinical evaluation. In the present study we have 
evaluated the information provided by glycoprotein variables analyzed 
by 1H-NMR as non-specific markers of inflammation as part of the 
current trend to seek new inflammatory markers that improve the 
limitations of classical inflammation biomarkers.63–65   
This study confirms that the composite 1H-NMR signal is 
associated with some clinical parameters of inflammation and the 
results reported are in line with the studies mentioned above in which 
the GlycA NMR-base assay has been used. Nevertheless, various 
points need to be borne in mind about this technique. On the one hand, 
1H-NMR is not a selective technique and does not enable individual 
proteins to be identified and quantified. The areas of GlycB and GlycA 
that we have obtained correspond to the overall concentration of 
glycosylated proteins in the plasma. On the other hand, one of its 
important advantages is that the 1H-NMR spectrum enables a 
lipoprotein profile (Liposcale®) and a glycoprotein profile to be 
identified in a single experiment. This is a great advantage because the 
information is obtained with minimal manipulation of the samples and 
involves a considerable saving in experimental time. Finally, although 
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AR patients are being treated, this does not prevent the glycoprotein 
signals detected by 1H-NMR being sensitive to the level of 
inflammation, as we have seen in the results. Bearing this in mind, in 
the future this first exploratory study should carefully study if 
medication can modify this 1H-NMR spectrum region.  
 
4.6. Conclusions 
In this study, we have demonstrated that new markers of 
inflammation can be characterized using the 1H-NMR signal of 
glycosylated proteins. In addition, the glycoprotein and lipoprotein 1H-
NMR variables, along with classic inflammatory parameters, provide 
information about the high activity of the disease that is more accurate 
than if we only consider the classic inflammatory parameters, as is 
conventional in clinical practice. 
 
4.7. Supporting information 
The content of this section is divided into four main parts. First, 
a table and scatter plots where correlations for each glycoprotein 
variable detected by 1H-NMR and the lipids obtained by traditional 
biochemistry (total cholesterol, high density lipoprotein cholesterol, 
low density lipoprotein cholesterol, very low -density lipoprotein and 
total triglycerides) are shown. Second, a table listing correlation 
coefficients for each glycoprotein variable detected by 1H-NMR and 
the variables resulting from the Liposcale® test. Third, scatter plots of 
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1H-NMR glycoproteins variables and clinical inflammatory markers. 
Finally, we included the population distribution of DAS28 and a brief 
description of the population for the AR groups. 
 
Table C4.1S. Spearman correlation coefficients (r) and p-values (p) 
for each glycoprotein variable and the lipids obtained by traditional 
biochemistry. 
 
P-values adjusted by FDR. Significant values (p<0.05) are marked (*). Cho: Total 
cholesterol; HDLc: high density lipoprotein cholesterol; LDLc: low density 

















Cho(mg/dl) r -0.090 0.001 0.090 0.034 -0.125 
p 2.56x10-
01 
9.93x10-01 2.56x10-01 6.78x10-01 1.06x10-01 
HDLc(mg/dl) r 0.165* -0.224* -0.031 -0.184* -0.219* 
p 3.50x10-
02 
3.55x10-03 7.02x10-01 1.85x10-02 4.29x10-03 
LDLc(mg/dl) r -0.120 -0.003 0.080 0.042 -0.051 
p 1.21x10-
01 
9.78x10-01 3.12x10-01 6.11x10-01 5.47x10-01 
VLDLc(mg/dl) r -0.438* 0.449* 0.140 0.318* 0.189* 
p 4.83x10-
10 
2.05x10-10 7.32x10-02 1.43x10-05 1.53x10-02 
TG (mg/dl) r -0.438* 0.444* 0.134 0.312* 0.187* 
p 4.83x10-
10 
2.91x10-10 8.46x10-02 2.16x10-05 1.64x10-02 
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Figure C4.1S: Scatter plots of Lipids variables obtained by traditional 






Table C4.2S. Spearman correlation coefficients (r) and p-values (p) 
for each glycoprotein variable and the variables resulting from the 
Liposcale® test. 
UNIVERSITAT ROVIRA I VIRGILI 
1H-NMR GLYCOPROTEIN ANALYSIS: AN ADVANCED APPROACH FOR INFLAMMATORY DISEASES DIAGNOSIS 










r -0.381* 0.411* 0.181* 0.295* 0.207* 
p 2.79x10-07 2.37x10-08 2.51x10-02 1.19x10-04 9.87x10-03 
IDL-C (mg/dl) r -0.139 0.201* 0.128 0.252* 0.048 
p 8.20x10-02 1.21x10-02 1.08x10-01 1.23x10-03 5.74x10-01 
LDL-C (mg/dl) r -0.146 0.011 0.064 0.081 0.046 
p 7.22x10-02 9.04x10-01 4.44x10-01 3.16x10-01 5.91x10-01 
HDL-C 
(mg/dl) 
r 0.076 -0.274* -0.145 -0.230* -0.240* 
p 3.51x10-01 4.07x10-04 7.25x10-02 3.63x10-03 2.29x10-03 
VLDL-TG 
(mg/dl) 
r -0.436* 0.393* 0.157 0.251* 0.167* 
p 2.32x10-09 1.00x10-07 5.09x10-02 1.27x10-03 3.88x10-02 
IDL-TG 
(mg/dl) 
r -0.153 0.269* 0.179* 0.306* 0.065 
p 5.69x10-02 5.53x10-04 2.59x10-02 6.42x10-05 4.37x10-01 
LDL-TG 
(mg/dl) 
r 0.053 0.142 0.132 0.197* 0.126 
p 5.44x10-01 7.72x10-02 9.97x10-02 1.40x10-02 1.15x10-01 
HDL-TG 
(mg/dl) 
r -0.161* 0.204* 0.098 0.158 -0.093 
p 4.71x10-02 1.13x10-02 2.32x10-01 5.09x10-02 2.56x10-01 
VLDL-P 
(nmol/L) 
r -0.434* 0.361* 0.145 0.222* 0.158 
p 2.89x10-09 1.32x10-06 7.25x10-02 5.16x10-03 5.09x10-02 
Large VLDL-P 
(nmol/L) 
r -0.303* 0.383* 0.168* 0.290* 0.142 




r -0.363* 0.443* 0.187* 0.336* 0.180* 
p 1.13x10-06 1.24x10-09 1.98x10-02 9.08x10-06 2.59x10-02 
Small VLDL-P 
(nmol/L) 
r -0.427* 0.329* 0.124 0.191* 0.142 
p 5.07x10-09 1.43x10-05 1.20x10-01 1.78x10-02 7.76x10-02 
LDL-P 
(nmol/L) 
r -0.144 0.098 0.092 0.157 0.087 
p 7.33x10-02 2.33x10-01 2.56x10-01 5.10x10-02 2.88x10-01 
Large LDL-P 
(nmol/L) 
r 0.003 -0.043 0.003 0.018 -0.024 
p 9.78x10-01 6.11x10-01 9.78x10-01 8.37x10-01 7.89x10-01 
Medium LDL-
P (nmol/L) 
r -0.121 0.048 0.139 0.141 0.082 
p 1.32x10-01 5.74x10-01 8.24x10-02 7.99x10-02 3.16x10-01 
Small LDL-P 
(nmol/L) 
r -0.178 0.161* 0.056 0.189* 0.095 
p 2.72x10-02 4.71x10-02 5.14x10-01 1.87x10-02 2.46x10-01 
HDL-P 
(μmol/L) 
r -0.067 -0.102 -0.089 -0.108 -0.227* 
p 4.22x10-01 2.10x10-01 2.75x10-01 1.88x10-01 4.09x10-03 
Large HDL-P 
(μmol/L) 
r -0.165* 0.106 0.039 0.048 0.157 
p 4.17x10-02 1.93x10-01 6.41x10-01 5.74x10-01 5.09x10-02 
r 0.167* -0.254* -0.107 -0.202* -0.169* 
UNIVERSITAT ROVIRA I VIRGILI 
1H-NMR GLYCOPROTEIN ANALYSIS: AN ADVANCED APPROACH FOR INFLAMMATORY DISEASES DIAGNOSIS 












p 3.91x10-02 1.15x10-03 1.89x10-01 1.21x10-02 3.62x10-02 
Small HDL-P 
(μmol/L) 
r -0.178* -0.006 -0.044 -0.039 -0.207* 
p 2.67x10-02 9.57x10-01 6.09x10-01 6.41x10-01 9.98x10-03 
VLDL-Z (nm) r 0.189* 0.021 0.084 0.137 0.002 
p 1.86x10-02 8.12x10-01 3.05x10-01 8.54x10-02 9.78x10-01 
LDL-Z (nm) r 0.264* -0.286* -0.028 -0.199* -0.105 
p 6.94x10-04 1.95x10-04 7.48x10-01 1.33x10-02 1.99x10-01 
HDL-Z (nm) r 0.306* -0.231* -0.082 -0.155 -0.035 
p 6.42x10-05 3.54x10-03 3.16x10-01 5.38x10-02 6.78x10-01 
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Figure C4.2S. Scatter plots of 1H-NMR glycoproteins variables and 












Figure C4.3S. Population distribution of DAS28 and a brief 
description of the population for the AR groups. 
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5. Influence of sexual steroids and obesity on 
glycoprotein profiles  
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The polycystic ovary syndrome (PCOS) is a common endocrine 
disorder affecting women in reproductive age. Obesity and low-grade 
chronic inflammation are frequently associated with PCOS. Recently, 
proton nuclear magnetic resonance (1H-NMR)-derived glycoprotein 
profiles have emerged as potential biomarkers that reflect systemic 
inflammation in type 2 diabetes, obesity and other pathological 
processes. The aim of this work is to study plasma glycoprotein profiles 
as metabolic/inflammatory biomarkers that links PCOS with 
inflammation and obesity. 
We evaluated five glycoprotein variables, namely GlycA, 
GlycB and GlycF and the height to width (H/W) ratio of GlycA and 
GlycB, by using 1H-NMR spectroscopy in non-obese and obese 
women with PCOS and compared them with male and female control 
subjects. 
Obese subjects presented higher GlycA, GlycB and GlycF areas 
and higher H/W GlycA and GlycB ratios than their non-obese 
counterparts, regardless of sex and PCOS. Patients with PCOS also 
presented greater H/W ratios of GlycA and GlycB compared with the 
female and male control groups. All glycoprotein variables were 
associated with hs-CRP, showing different correlations among group 
of subjects.  
Even though additional research is required to confirm our 
findings, the results of the current exploratory investigation pave the 
way toward the use of 1H-NMR-derived glycoprotein profiles as 
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diagnostic markers to predict chronic low-grade inflammation in 
patients with PCOS. 
 
5.2. Introduction 
Low-grade chronic inflammation is involved in the 
pathogenesis of certain metabolic disorders such as obesity, abdominal 
adiposity, metabolic syndrome, type 2 diabetes and polycystic ovary 
syndrome (PCOS).1,2 Adipose tissue dysfunction, resulting into the 
secretion of proinflammatory adipokines, cytokines and other 
mediators, is known to play a major role in metabolic disorders yet 
precise mechanisms remain not fully established.3 PCOS is possibly 
the most common endocrine and metabolic disorder in women of 
reproductive age. Some PCOS phenotypes are characterized by 
adipose tissue dysfunction, visceral obesity, and insulin resistance (IR) 
being androgen excess its pivotal pathogenic mechanism.2 
C-reactive protein (CRP), tumor necrosis factor-α (TNF-α), 
interleukin-6 (IL-6) and leptin have been conventionally used as 
circulating inflammatory markers.4-6 Even though an increase in these 
inflammatory molecules has been reported in women with PCOS, it is 
unclear whether or not this finding is specific of PCOS or is the result 
of the frequent association of this syndrome with obesity.7-9 In 
addition, circulating inflammatory markers may be subjected to 
dramatic and rapid intra-individual fluctuations, inter-individual 
variability and differences in the sensitivity of the assays used for their 
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measurement,10,11 making the interpretation of previous results on the 
issue particularly difficult. 
Glycoproteins play a key role in inflammatory processes.10,11 
Inflammation is characterized by protein structural changes that 
modify the number of antennary branches [rich in N-
acetylglucosamine/N-acetylgalactosamine (GlycA) and N-
acetylneuraminic acid (GlycB)] resulting into circulating glycoprotein 
profiles that may be used as potential early biomarkers of 
inflammation.13 Proton nuclear magnetic resonance (1H-NMR) 
spectroscopy has demonstrated to be a quick and accurate analytical 
technique able to quantify metabolites, lipoproteins, and 
glycoproteins.14,15 After the seminal work by Bell et al. in 1987,16 
several studies have reported the role of GlycA as a proinflammatory 
biomarker associated with disorders such as type 2 diabetes,17 
colorectal cancer and cardiovascular events,18 among others. 
At present, the influence of obesity, sex and sex hormones on 
the glycosylation changes related to inflammation is unclear. Hence, 
we aimed to delineate the glycoprotein profiles of non-obese and obese 
women with PCOS comparing them with non-obese and obese female 
and male controls. These comprehensive profiles included the 
quantification of the acetyl groups of N-acetylglucosamine and N-
acetylgalactosamine (GlycA) and N-acetylneuraminic acid (GlycB) of 
the main circulating glycoproteins, as well as height/weight (H/W) 
parameters derived from the shape of the GlycA and GlycB signals, 
since higher and narrower signals have been related to inflammation.14 
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5.3. Material and Methods 
5.3.1 Subjects 
We studied a population of 53 young adults, including 17 
patients with PCOS, 17 control women and 19 control men. The 
subjects included in each subgroup were selected in order to be similar 
in terms of age and body mass index (BMI), and were grouped into 
non-obese (BMI < 30 kg/m2, n = 28) and obese (BMI ≥ 30 kg/m2, n = 
25) subgroups. The diagnosis of PCOS required the presence of clinical 
and/or biochemical hyperandrogenism, menstrual dysfunction, and 
exclusion of other disorders.19 Control women showed no evidence of 
hyperandrogenism or ovulatory dysfunction. Before enrollment, the 
participants had no history of obesity-associated comorbidities 
including disorders of glucose tolerance, hypertension, sleep apnea, 
cardiovascular disease, or male hypogonadism. Smokers were 
excluded. All subjects provided informed written consent and the study 
was approved by the local ethics committee. 
5.3.2. Phenotyping of subjects  
All individuals underwent a comprehensive clinical, 
anthropometric and physical evaluation. In addition, they followed the 
same diet for a few days before the start of the study. Samples (serum 
and plasma) were obtained after a 12-h overnight fasting (during the 
follicular phase of the menstrual cycle in women). Samples were 
immediately assayed or frozen at -80°C until biochemical and 1H-
NMR analysis. These samples were used for the measurement of total 
testosterone (T), total estradiol (E2), sex hormone-binding globulin 
(SHBG), glucose, insulin and high-sensitivity C-reactive protein (hs-
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CRP). The technical characteristics of the assays have been described 
in detail elsewhere.20,21 Fasting glucose and insulin levels were used 
for homeostasis model assessment of insulin resistance (HOMA-IR).22 
In addition, the composite insulin sensitivity index (ISI) was estimated 
from the glucose and insulin concentrations measured during a 
standard 75 g oral glucose test.23 
5.2.3. Glycoprotein profiling 
Before 1H-NMR analysis, 200 μL of serum were diluted with 
50 µl deuterated water and 300 µl of 50 mM phosphate buffer solution 
(PBS) at pH 7.4. 1H-NMR spectra were recorded at 310 K on a Bruker 
Avance III 600 spectrometer (Bruker BioSciences Española S.A., 
Rivas Vaciamadrid, Madrid, Spain) operating at a proton frequency of 
600.20 MHz (14.1 T) following previously reported procedures.14 
Briefly, we analyzed the region of the 1H-NMR spectrum where the 
glycoproteins resonate (2.15-1.90 ppm) using several functions. In this 
study, we included a new function termed GlycF, between GlycA and 
GlycB. For each function, we determined the total area (proportional 
to concentration), height, position and bandwidth. The area of GlycA 
provided the concentration of acetyl groups of protein-bound N-
acetylglucosamine and N-acetylgalactosamine, and the area of GlycB 
those of N-acetylneuraminic acid. GlycF area arises from the 
concentration of the acetyl groups of N-acetylglucosamine, N-
acetylgalactosamine and N-acetylneuraminic acid unbound to proteins 
(free fraction). H/W ratios of GlycA and GlycB translate the shape of 
the peaks present in the 1H-NMR spectra into information based on 
height – which is related to concentration – and width –which is related 
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to the flexibility and the aggregation of the molecules generating the 
signal.14 In order to provide optimal line shape fits of the GlycA and 
GlycB signals, the bandwidth of GlycF is constrained in the 
deconvolution model and thus, only the area is of analytical interest but 
not the H/W ratio.  
5.2.4. Statistical analysis 
Phenotyp variables are expressed as mean ± standard deviation 
(SD). Normality of continuous variables was assessed by the 
Kolmogorov-Smirnov method and logarithmic transformation was 
applied to ensure a normal distribution when appropriate. Two-way 
univariate general linear models (GLMs) were used to determine the 
influence of group of subjects, obesity and their interaction on 
hormonal and metabolic variables. The least significant difference post 
hoc test was used for multiple comparisons among group of subjects. 
The relationships between continuous variables were assessed by 
Pearson’s or Spearman’s correlation analysis as appropriate. SPSS 
Statistic 15.0 (SPSS Inc., Chicago, IL) was used for data analysis 
setting alpha at the 0.05 level. 
The chemometric methods evaluated in this work have been 
widely described in the literature.14 Briefly, multivariate statistical 
analyses were computed in MATLAB, Ver. 7.10.0 using PLS-
Toolbox, Ver. 5.2.2 (Eigenvector Research Inc., Manson, WA, United 
States). We applied principal component analysis (PCA) as an 
exploratory data method in order to detect groups of data and outliers.24 
Partial Least Square Discriminant Analysis (PLS-DA) was used as 
supervised classification method. While PCA ignores the information 
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regarding the class labels of the samples, PLS-DA relates the X matrix 
(experimental data) and the Y matrix (classes of samples) in order to 
find the maximum discrimination between classes and the maximum 
covariance between the X and Y matrices simultaneously.25 
 
5.3. Results 
5.3.1. Effects of group and obesity on phenotype 
The demographic, clinical and biochemical characteristics of 
the population being studied are summarized in Table C5.1. As 
expected from the study design, no differences were found between 
patients with PCOS and female and male controls in terms of age and 
BMI.  
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Table C5.1. Clinical, biochemical/metabolic and hormonal characteristics of participants. 
 






(n = 9) 
Obese 
(n = 8) 
Non-obese 
(n = 9) 
Obese 
 (n = 8) 
Non-obese 
 (n = 10) 
Obese 
(n = 9) P P P 
Age (years) 26 ± 5 27 ± 6 24 ± 8 30 ± 4 24 ± 5 25 ± 4  0.342  0.101 0.319 
BMI (kg/m2) 23 ± 2 36 ± 4 24 ± 2 37 ± 5 23 ± 2 34 ± 3  0.226 < 0.001 0.782 






















< 0.001 0.436 
Hirsutism 1.4 ± 1.3 1.8 ± 0.4 9.7 ± 4.5 9.3 ± 4.5 - - < 0.001 A  0.738 0.876 
Total testosterone 
(nmol/l) 
1.5 ± 0.3 2.0 ± 0.5 2.4 ± 0.7 2.4 ± 1.1 18.5 ± 3.3 12.2 ± 3.5  0.001 
A,B,C 
 0.776 0.196 
Free testosterone 
(pmol/l) 
21 ± 7 31 ± 8 36 ± 12 45 ± 24 450 ± 104 464 ± 94 < 0.001 
A,B,C 
 0.024 0.265 
Total estradiol 
(pmol/l) 
149 ± 63 276 ± 200 182 ± 201 149 ± 49 68 ± 16 94 ± 26 < 0.001 
B,C 
 0.024 0.422 
Free estradiol 
(pmol/l) 
2.7 ± 1.1 5.3 ± 3.0 3.6 ± 4.3 3.4 ± 1.4 1.8 ± 0.5 2.6 ± 0.7  0.010 B  0.003 0.520 














 0.119 0.750 
SHBG (nmol/l) 56 ± 25 43 ± 14 50 ± 21 32 ± 13 27 ± 10 20 ± 6 < 0.001 
B,C 























 0.123 < 0.001 0.440 
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4.7 ± 0.4 5.3 ± 0.4 4.5 ± 0.5 4.8 ± 0.5 4.9 ± 0.5 5.2 ± 0.4  0.011 
A,C 
 0.001 0.408 
HOMA-IR 1.6 ± 0.6 2.6 ± 0.7 1.5 ± 0.9 2.9 ± 0.7 1.3 ± 0.4 2.5 ± 1.0  0.424 < 0.001 0.742 
Insulin sensitivity 
index 
6.6 ± 2.9 3.3 ± 1.2 8.1 ± 4.7 3.5 ± 1.4 7.3 ± 2.8 3.8 ± 1.6  0.640 < 0.001 0.909 
hs-CRP (nmol/L) 27 ± 22 38 ± 28 20 ± 21 65 ± 74 31 ± 25 31 ± 12  0.998  0.009 0.207 
 
Abbreviations: BMI, body mass index; FE2, free estradiol; FT, free testosterone; HOMA-IR, homeostasis model assessment of insulin 
resistance; hs-CRP, high sensitive C-reactive protein; SHBG, sex hormone-binding globulin. Data are means ± SD. The effects of group and 
obesity on continuous variables were analyzed by a two-way GLM after applying logarithmic transformation when needed. A: p < 0.05 for 
the differences between control women and women with PCOS. B: p < 0.05 for the differences between control women and men. C: p < 0.05 
for the differences between women with PCOS and men.  
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Regardless of the group of subjects, obesity was characterized 
by increased circulating concentrations of free T, total and free E2, hs-
CRP, fasting insulin and glucose and larger HOMA-IR, and by 
decreased SHBG and ISI values, compared with non-obese subjects. 
Patients with PCOS presented both clinical and biochemical 
hyperandrogenism characterized by increased hirsutism score, and 
total and free testosterone levels compared with control women. 
Besides their higher total T and free T levels, men also had higher waist 
circumference (WC), waist to hip ratio (WHR), and free T/free E2 ratio 
compared to both groups of women. Conversely, patients with PCOS 
and control women showed higher circulating E2 and SHBG 
concentrations than men. We did not observe any statistically 
significant interactions between group of subjects and obesity on these 
variables. 
5.3.2. Glycoprotein profile: exploratory data analysis 
To assess similarities and differences among subject in terms 
of their glycoprotein profiles, we first applied a PCA using GlycA, 
GlycB and GlycF areas and H/W ratios of GlycA and GlycB as input 
variables. We defined our input matrix X, containing 53 observation 
row vectors of five variables each. Figure C5.1 shows the glycoprotein 
profile of all participants plotted according to the values of the PCA 
scores and loadings. In particular, the scores of the second PC are 
presented against the first PC. The first two PCs accumulated 95.7% 
of the total variance. We observed that most of the scores of obese 
subjects lied within the first and fourth quadrants whereas non-obese 
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scores preferentially lied within the second and third; suggesting that 











Figure C5.1. Principal Component Analysis scatter plot scores, 
considering all subjects as a whole (n=53). The variability in the data 
is mainly explained by the first Principal Component (PC). PCOS, 
polycystic ovary syndrome. 
 
5.3.3. Effects of obesity on the glycoprotein profiles 
 Based on the results of the PCA and keeping X as input matrix, 
we applied a PLS-DA model to optimize the separation between non-
obese and obese subjects. Two classes were taken into account to create 
the target Y matrix. Panel A of Figure C5.2 shows the score plot of 
the PLS-DA model considering the first two latent variables (LVs). 
Compared with the PCA model, PLS-DA provided a better 
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discrimination between non-obese and obese individuals, regardless of 
the group of subjects. PLS-DA model was cross validated in order to 
avoid the risk of over-fitting and to increase the predictive ability by 
using the venetian blinds method. 
  
Figure C5.2. Panel A, Partial Least Square Discriminant Analysis 
scores of non-obese and obese subjects. Panel B, univariate GLM 
glycoprotein analysis. Data are mean ± SEM. ***p < 0.001 for 
differences between non-obese and obese participants, regardless of 
the group of subjects. H/W, height to width ratio; LV, latent variable. 
 
 The results of the univariate analysis of glycoprotein are 
detailed in Table C5.2, which describes not only the influence of group 
of subjects and obesity independently, but also their interaction. 
Regardless of sex and PCOS, obese subjects presented with larger 
GlycA, GlycB, GlycF areas and higher H/W ratios of GlycA and 
GlycB compared with their non-obese counterparts (Figure C5.2, 
panel B). Accordingly, considering all subjects as a whole, all 
glycoprotein variables correlated positively BMI, WC, HOMA-IR and 
UNIVERSITAT ROVIRA I VIRGILI 
1H-NMR GLYCOPROTEIN ANALYSIS: AN ADVANCED APPROACH FOR INFLAMMATORY DISEASES DIAGNOSIS 





hs-CRP and negatively with insulin sensitivity index (Supporting 
information Table C5S.1).  
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Table C5.2. Univariate analysis of glycoprotein variables 





(n = 9) 
Obese 
(n = 8) 
Nonobese 
(n = 9) 
Obese 
 (n = 8) 
Nonobese 
 (n = 10) 
Obese 
 (n =9)     P P P 
Area GlycA 6.54 ± 0.93 7.35 ± 1.24 6.86 ± 1.00 8.62 ± 1.39 6.39 ± 0.81 7.53 ± 1.15 0.059  < 0.001 0.442 
Area GlycB 3.28 ± 0.32 3.69 ± 0.33 3.40 ± 0.50 4.00 ± 0.33 3.16 ± 0.31 3.56 ± 0.35 0.028 B < 0.001 0.668 
Area GlycF  2.57 ± 0.23 2.80 ± 0.43 2.65 ± 0.42 3.32 ± 0.64 2.72 ± 0.29 3.08 ± 0.59 0.140   0.001 0.334 
H/W GlycA 19.63 ± 2.32 21.48 ± 2.70 20.78 ± 3.47 25.49 ± 3.70 19.26 ± 2.39 21.57 ± 2.98 0.014  A,B  0.001 0.322 
H/W GlycB  5.43 ± 0.69 5.86 ± 0.78 5.73 ± 1.09 6.99 ± 0.86 5.26 ± 0.50 5.79 ± 0.75 0.007 A,B  0.001 0.248 
 
Abbreviations: H/W, height to width ratio. 
Glyc areas are expressed as arbitrary units. Data are means ± SD. The effects of group and obesity on continuous variables were analyzed 
by a two-way GLM after applying logarithmic transformation when needed. A: p < 0.05 for the differences between control women and 
women with PCOS. B: p < 0.05 for the differences between women with PCOS and men.   
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5.3.4. Differences between the groups of subjects in the 
glycoprotein profilescoprotein profiles 
 We applied a second PLS-DA model to discriminate among 
patients with PCOS, control women, and control men. In this case, 
three classes were taken into account to create the target Y matrix 
corresponding to each group. This model was also cross-validated 
using the venetian blinds method. The PLS-DA score plot showed 
certain separation between women with PCOS and female and male 
controls regardless of obesity (Figure C5.3, Panel A).  
 The results of univariate analysis of the glycoprotein profiles 
showed that the H/W ratios of GlycA and GlycB were significantly 
higher in women with PCOS compared with the male and female 
control groups (Figure C5.3, panel B). A similar behavior was 
observed for GlycA and GlycB areas, reaching statistical significance 
for GlycB, where patients with PCOS presented a larger area compared 
with men (Table C2.2 and Figure C5.3, panel B). Interestingly, we 
observed different correlations when subjects were classified 
according to group. All glycoprotein variables correlated negatively 
with ISI in control women and men, yet not in the PCOS subgroup. 
Strong correlations for HOMA-IR were observed in men and to a lesser 
extent in PCOS patients being negligible in control women. Finally, 
the correlation observed for hs-CRP persisted only in the PCOS and 
men subgroups (Supporting information Table C5S.2).  
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Figure C5.3. Panel A, Partial Least Square Discriminant Analysis 
scores of women with PCOS, control women and control men. Panel 
B, univariate GLM glycoprotein analysis. Data are mean ± SEM. *p < 
0.05 and **p < 0.01 for differences between women with PCOS and 
female and male controls, regardless of obesity. H/W, height to width 
ratio; LV, latent variable; PCOS, polycystic ovary syndrome. 
 
5.4. Discussion 
Our present results indicate that circulating glycoprotein 
variables of otherwise healthy young adults are influenced mostly by 
obesity and, to a lesser extent, by the presence of PCOS in women. 
Obesity associated with increases in both the areas and H/W 
ratios of all the glycoprotein profiles studied here. To date, the effect 
of obesity on circulating glycoproteins has not been extensively 
examined and most studies measured only GlycA. GlycA levels were 
consistently associated with obesity in different populations including 
premenopausal women,26 pregnant women27 and adolescents.28,29 
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Moreover, strong correlations between GlycA and surrogate indexes of 
obesity, insulin resistance and inflammation have been reported in both 
adolescent and adult populations, including correlations with 
BMI,17,28,30-32 the leptin/adiponectin ratio31 and abdominal fat 
amount.33 The intimate association between obesity and GlycA levels 
is further reinforced by the fact that GlycA levels decreased after 
interventions directed towards reducing BMI such as lifestyle 
changes29,30 or bariatric surgery.26 
 In agreement, obese subjects in our series presented with higher 
GlycA levels compared their non-obese counterparts, and GlycA levels 
correlated positively with surrogate indexes of obesity, abdominal 
adiposity, insulin resistance and with serum hs-CRP concentrations, 
usually associated with low-grade chronic inflammation.  
 Data regarding other glycoprotein variables are scarce. To the 
best of our knowledge, there are only two research articles that 
proposed GlycB as a novel inflammatory marker associated with 
insulin resistance and adiposity, even though such associations appear 
to be weaker than those observed for GlycA.14,34 Our results provide 
novel evidence indicating that the association of glycoproteins with 
obesity is not restricted to GlycA but also extends to GlycB and GlycF, 
suggesting that all the glycoproteins studied here might be considered 
potential biomarkers of the chronic inflammatory process associated 
with obesity. 
 Moreover, our present results may facilitate the understanding 
of the contribution of obesity to the metabolic dysfunction associated 
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with PCOS. Our current interpretation is that PCOS associates 
abdominal adiposity, adipose tissue dysfunction and central (hepatic) 
insulin resistance per se, and that obesity aggravates these traits 
extending the occurrence of insulin resistance to peripheral tissues such 
as muscle and adipose tissue.2,35,36 Low-grade chronic inflammation 
arising from the dysfunctional adipose tissue of these women is among 
the major pathophysiological mechanisms that mediate the effects of 
obesity on metabolic dysfunction35,37 explaining the association of 
PCOS with proinflammatory genotypes and phenotypes already 
reported.7,38 
 Even considering the major impact of obesity on the 
glycoprotein profiles, the similar pattern found in patients with PCOS 
– increased H/W ratios of GlycA and GlycB, and increased GlycB and 
almost GlycA areas compared with control groups – might translate the 
low-grade chronic inflammatory process associated with this 
syndrome, as has been proposed for other inflammatory conditions.14  
 In the present study we did not find a specific influence of 
PCOS on serum hs-CRP levels, in conceptual agreement with earlier 
reports from our group conducted in Caucasian women from Spain,9 
even though our own meta-analysis indicated that, in general, 
circulating hs-CRP concentrations are increased in patients with PCOS 
regardless of obesity.7 This discrepancy might be related to the fact that 
the women with PCOS in our studies were young and did not suffer 
from serious metabolic comorbidities. However, the association of 
PCOS with increased H/W ratios of GlycA and GlycB and GlycB area 
suggests the presence of a low-grade chronic inflammatory state in our 
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PCOS patients, further supported by the specific correlations of GlycA 
and GlycF areas with hs-CRP only in women with PCOS. The 
robustness of 1H-NMR spectroscopy and the relatively small intra-
individual fluctuation and inter-individual variability in glycoprotein 
variables may contribute to this technique outperforming conventional 
measurements of circulating hs-CRP as a surrogate marker of low-
grade chronic inflammation.  
 Nevertheless, our study is not free from certain limitations. The 
sample size of the subgroups was relatively small; thus, our study may 
have been underpowered to detect small differences. Also, 1H-NMR is 
not a selective technique and does not enable individual proteins to be 
identified and quantified. The areas of the studied glycoproteins 
correspond to the overall concentration of serum glycosylated proteins 
(mainly α1-acid glycoprotein, α1-antitrypsin, haptoglobin, transferrin 
and immunoglobulins).16 Of note, changes in several of these 
circulating glycoproteins have been also associated with PCOS 
according to non-targeted proteomic approaches.39 Among the 
strengths of our experimental design we might highlight the rather 
homogeneous in terms of age and percentage of obesity and mostly 
healthy population studied here, the quality of the analytical 
procedures used, and the recommendation made to all subjects of 
following the same diet for a few days before sampling. 
 In conclusion, the present study indicates that circulating 1H-
NMR-derived glycoprotein profiles suggestive of low-grade chronic 
inflammation are associated with obesity and PCOS in young adults. 
Whether or not these glycoprotein profiles are useful as markers of 
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low-grade chronic inflammation in these disorders requires further 
evaluation. 
 
5.5. Supporting information 
 This section includes a study of the correlations between 
glycoproteins and phenotypic variables considering first all subjects as 
a whole and then, according to group of subjects. 
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Table C5S.1. Correlations between glycoproteins and phenotypic variables considering all subjects as a whole. 
 
BMI WC WHR HOMA-IR ISI hs-CRP 
r p r p r p r p r p r p 
Area GlycA 0.566 <0.001 0.553 <0.001 0.315 0.022 0.471 <0.001 -0.500 <0.001 0.405 0.003 
Area GlycB 0.590 <0.001 0.515 <0.001 - - 0.449 0.001 -0.546 <0.001 0.423 0.002 
Area GlycF  0.508 <0.001 0.530 <0.001 0.344 0.012 0.403 0.003 -0.398 0.003 0.372 0.006 
H/W GlycA 0.486 <0.001 0.467 <0.001 - - 0.415 0.002 -0.463 <0.001 0.447 0.001 
H/W GlycB  0.489 <0.001 0.409 0.002 - - 0.363 0.008 -0.395 0.003 0.457 0.001 
 
Abbreviations: BMI, body mass index; H/W, height to width ratio; HOMA-IR homeostasis model assessment of insulin resistance; hs-CRP, 
high sensitivity C-reactive protein; ISI, composite insulin sensitivity index; WC, waist circumference; WHR, waist to hip ratio. Data were 
submitted to Pearson’s correlation analysis. Glycoprotein areas are expressed as arbitrary units.  
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Table C5S.2. Correlations between glycoprotein and phenotypic 
variables according to group of subjects. 
           ISI HOMA-IR hs-CRP 
Women r p r p r p 
Area GlycA -0.642 0.005 - - - - 
Area GlycB -0.753 <0.001 - - - - 
Area GlycF  -0.57 0.017 0.53 0.029 - - 
H/W GlycA  -0.685 0.002 - - - - 
H/W GlycB -0.531 0.028 - - - - 
PCOS             
Area GlycA - - 0.49 0.046 0.558 0.02 
Area GlycB - - 0.523 0.031 - - 
Area GlycF  - - - - 0.6 0.011 
H/W GlycA  - - 0.488 0.047 0.564 0.018 
H/W GlycB - - 0.498 0.042 0.571 0.017 
Men             
Area GlycA -0.705 0.001 0.786 <0.001 - - 
Area GlycB -0.72 0.001 0.641 0.003 0.487 0.035 
Area GlycF  -0.511 0.025 0.644 0.003 - - 
H/W GlycA  -0.667 0.002 0.661 0.002 0.551 0.014 
H/W GlycB -0.601 0.007 0.577 0.01 0.565 0.012 
 
Abbreviations: BMI, body mass index; HOMA-IR, homeostasis model assessment 
of insulin resistance; hs-CRP, high sensitivity C-reactive protein; H/W, height to 
width ratio. Data were submitted to Pearson’s correlation analysis. 
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6. Glycoprotein profile measured by 1H-Nuclear 
Magnetic Resonance in patients with diabetes  
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Patients with type 2 diabetes mellitus (T2DM) and atherogenic 
dyslipidaemia (AD) are at higher risk of developing cardiovascular 
diseases (CVDs) so interest in discovering inflammation biomarkers as 
indicators of processes related to CVD progression is increasing. This 
study has two aims: to characterize the plasma glycoprotein profile of 
a cohort of 504 participants including patients with and without T2DM 
and/or AD and controls by using 1H Nuclear Magnetic Resonance 
Spectroscopy (1H-NMR); and to study the associations between the 
glycoprotein profile and other lipid and clinical variables in these 
populations. 
We characterized plasma glycoprotein profiles of T2DM 
patients with and without AD by using 1H-NMR. We quantified the 
two peaks associated with the concentration of plasma glycoproteins 
(GlycA and GlycB) and their height/width ratios (H/W GlycA and 
H/W GlycB), as higher and narrower signals have been related to 
inflammation. We also quantified GlycF, the signal of which is 
proportional to the concentration of the acetyl groups of free N-
acetylglucosamine, N-acetylgalactosamine and N-acetylneuraminic in 
the samples. The lipoprotein profile was also determined by 1H-NMR 
spectroscopy (Liposcale®). Standard clinical and anthropometric 
measurements were taken. Several PLSDA models were developed to 
study differences between the study groups. 
A pro-atherogenic lipoprotein pattern that included reduced 
HDL-C levels, increased small dense LDL and HDL particles, and 
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elevated TG levels was significantly associated with glycoprotein 
variables. Along the same lines, glycoprotein values in the diagnostic 
groups were significantly different from those in the CT groups. AD 
and DM conditions together contribute to a positive and significant 
synergetic effect on the GlycA area (<0.05) and the H/W ratios of 
GlycA (<0.01) and GlycB (<0.05). By adding the new glycoprotein 
variables to the traditionally used marker of inflammation C-reactive 
protein (CRP), the AUC increased sharply for classification models 
between the CT group and the rest (0.68 to 0.84), patients with and 
without dyslipidaemia (0.54 to 0.86), and between patients with and 
without diabetes (0.55 to 0.75). 
1H-NMR-derived glycoproteins can be used as possible 
markers of the degree of inflammation associated with diabetes and 
dyslipidemia. More studies are required to evaluate in detail the 
mechanism underlying glycoprotein variation in AD and DM. 
 
6.2. Introduction 
Type 2 diabetes (T2DM) is one of the most common diseases 
and has been growing exponentially in recent years.1 Patients with 
diabetes are known to have a 2 to 4 times greater risk of cardiovascular 
diseases (CVD) such as stroke and death from coronary heart disease 
than non-diabetic subjects.2 Most patients with diabetes also have 
dyslipidemia, which increases the risk of CVD.3 The most common 
pattern of dyslipidemia in T2DM patients is atherogenic dyslipidemia 
(AD) which is characterized by elevated total triglycerides (TG) and 
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small LDL particles, and decreased HDL cholesterol levels4,5 with 
insulin resistance (IR) being the main pathophysiological machanism.3 
On the other hand, T2DM is considered a chronic subclinical 
inflammatory state which also contributes to vascular complications.6,7  
C-reactive protein (CRP) may help to refine global risk 
assessment for coronary heart disease (CHD), particularly among 
persons who are at intermediate risk on the basis of traditional risk 
factors alone. However, it has also been shown to be prone to 
fluctuations and an inconsistent marker for predicting CVD in patients 
with chronic inflammatory diseases at an individual level.8 For some 
years now, there has been increasing interest in inflammation 
biomarkers, which play a major role in the onset and progression of 
CVD.9 Several studies have shown that glycoproteins play a key role 
in inflammatory and pathological processes such as the genesis and/or 
progression of CVDs and are also related to numerous pathologies, in 
particular cardiovascular risk factors such as diabetes mellitus.10–13 It 
has been reported that the signal in the 1H-NMR spectrum of glycated 
proteins is produced by the -COCH3 acetyl groups of N-
acetylglucosamine and N-acetylgalactosamine (GlycA) and N-
acetylneuraminic acid (GlycB).14,15 Unlike common biomarkers of 
inflammation such as CRP or inflammatory cytokines, GlycA is a 
composite biomarker that integrates the protein levels and glycation 
states of several of the most abundant acute-phase proteins in serum 
(1-acid glycoprotein, haptoglobin, 1-antitrypsin, 1-
antichymotrypsin, and transferrin).14,16 This provides a more stable 
measure of systemic inflammation with less intra-individual variability 
UNIVERSITAT ROVIRA I VIRGILI 
1H-NMR GLYCOPROTEIN ANALYSIS: AN ADVANCED APPROACH FOR INFLAMMATORY DISEASES DIAGNOSIS 





for GlycA than for high sensitivity CRP.14  Although GlycA, and to a 
lesser extent GlycB, is the variable that has most been studied in terms 
of glycoproteins determined by 1H-NMR, other new variables have 
recently been reported such as the derived parameters H/W GlycA and 
H/W GlycB, which are related to the shape of the signal (higher and 
narrower signals have been related to inflammation).15  
In this study we characterized the plasma 1H-NMR 
glycoprotein profile of T2DM patients with and without AD, we 
explored its association with their NMR lipoprotein profile, and finally 
we compared the ability of these new NMR based on inflammatory 
markers to discriminate specific patterns between study groups other 
than those commonly used in clinical settings such as CRP. 
 
6.3. Methodology 
6.3.1. Design and study subject 
For this cross-sectional study we recruited 504 individuals 
attending the vascular medicine and metabolism unit of the University 
Hospital Sant Joan de Reus for disorders associated with the lipid 
metabolism. Type 2 diabetes was diagnosed using standard clinical 
criteria. Atherogenic dyslipidemia was defined as TG > 150 mg/dl and 
HDL-c < 40 or 50 mg/dl for males and females, respectively.  Subjects 
with chronic lung, renal or liver disease, cancer, or any other serious 
disease were excluded. Patients on lipid-lowering drugs underwent a 
6-week wash-out period (8 weeks if they were on fibrates). Anamnesis, 
anthropometric, and physical examination data were recorded. 
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The entire population was classified into four groups depending 
on whether they had T2DM (DM) and/or AD; diabetes and 
dyslipidaemia [DM (+) AD (+), n=129], AD [DM (-) AD (+), n=38], 
DM [DM (+) AD (-), n=222]. A total of 115 patients had neither T2DM 
nor AD and they were referred to as the control population [CT, 
n=115].  The study was approved by the Ethical and Clinical 
Investigation Committee of the Pere Virgili Institute for Health 
Research (IISPV), and all participants signed the written consent form.  
6.3.2. Clinical and standard biochemical variables 
Participants had their clinical history and their anthropometric 
data recorded and were subject to a physical examination. A blood 
sample was obtained in a fasting state and deeply frozen plasma and 
serum aliquots were stored in our research institute’s biobank until use. 
Standard biochemical determinations were performed using standard 
biochemical methods. If the patients were on lipid lowering therapy, 
the blood sample was obtained after a six-week washout period. 
6.3.3. Glycoprotein and lipoprotein profiling by 1H-NMR 
For glycoprotein profiling, plasma samples were analysed by 
1H-NMR. Serum samples (200 μL) were previously diluted with 50 µl 
deuterated water and 300 µl of 50 mM phosphate buffer solution (PBS) 
at pH 7.4 consisting of 30.70 Na2HPO4 mM and 19.30 NaH2PO4 mM 
before NMR analysis. 1H-NMR spectra were recorded at 310 K on a 
Bruker Avance III 600 spectrometer operating at a proton frequency of 
600.20 MHz (14.1 T). One-dimensional 1H NMR pulse experiments 
were carried out including nuclear Overhauser effect spectroscopy 
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(NOESY) and longitudinal eddy-current delay (LED) pulses. To 
measure the glycoprotein variables we analysed the glycoprotein 
region of the 1H-NMR spectra which is between 2.19 and 1.90 ppm 
and represented the resonance of the N-acetyl methyl groups of the N-
acetylglucosamine, N-acetylgalactosamine and N-acetylneuraminic 
acid moieties on the carbohydrate portions of circulating glycoproteins 
such as α1-acid glycoprotein, haptoglobin, α1-antitrypsin, α1-
antichymotrypsin, and transferrin.14–16 We measured the previously 
reported15 glycoprotein variables including  areas of GlycB (Area 
GlycB), GlycA (Area GlycA) and height/width ratios of GlycB and 
GlycA. The areas of GlycA and GlycB provide the acetyl group 
concentrations of protein-bound N-acetylglucosamine, N-
acetylgalactosamine and N-acetylneuraminic acid in plasma. In each 
case the form of the function (H/W ratio) depends on the height, which 
is related to the concentration, and the width, which is related to the 
flexibility and the aggregation of the molecules generating the signal. 
This study describes a complementary new analytical function called 
GlycF, the area of which reflects the acetyl groups of free N-
acetylglucosamine, N-acetylgalactosamine and N-acetylneuraminic 
acid in the sample (that’s to say, they do not bind to proteins). 
We also obtained the lipoprotein profile using the NMR test 
Liposcale® (CE), as previously reported.17 This protocol evaluates the 
lipid concentrations (i.e., triglycerides and cholesterol), size and 
particle number of three different classes of lipoproteins (VLDL, LDL 
and HDL), as well as the particle number of nine subclasses (large, 
medium and small VLDL, LDL and HDL). 
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6.3.4. Statistical methods 
To study the distribution of the clinical variables of the study 
groups, we used the one-factor Anova with Bonferroni post-hoc 
correction or the χ2 test depending on whether the variable was 
continuous or categorical. Spearman correlation coefficients were 
obtained between the glycoprotein variables, the clinical variables and 
the lipoprotein-related variables. A logarithmic transformation and an 
outlier’s test were performed for all those dependent variables that, 
according to the Lilliefors test, did not follow a normal distribution. A 
Wilcoxon-Mann-Whitney test was used to capture the differences in 
the glycoprotein profile and CRP of each of the four groups. Two-way 
Anova was performed to examine the influence of the AD and DM 
conditions of each glycoprotein variable.  
Multivariate data analysis 
We used linear regression models adjusted for age, gender and 
BMI, DM, HDL-C, LDL-C and TG. Partial least squares discriminant 
analysis (PLSDA) models were used as a supervised classification 
method between study groups. PLS-DA relates the X matrix 
(experimental data) and the Y matrix (classes of samples) to find the 
maximum discrimination between classes (groups of study) and the 
maximum covariance between the X and Y matrices simultaneously.18 
The area under the curve (AUC) was used to evaluate the capacity of 
the glycoprotein and CRP variables to distinguish between the two 
groups. All the models were auto scaled and cross-validated by the 
Venetian Blinds cross validation method. 
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IBM SPSS® statistics ver. 22 was used to study the clinical 
statistical distribution between groups and the adjustment of the linear 
regression models. Multivariate data analyses were computed in 




Table C6.1 shows the demographic, clinical and biochemical 
characteristics of the study population. Significant differences were 
observed between groups in terms of age, and between CT and the 
other groups in terms of body mass index (BMI), CRP and Hb1AC. 
Lipid variables were generally higher in the study groups than in the 
CT group, except for HDL-C, which was higher in the CT group. 
6.4.1. Associations of 1H-NMR-derived glycoprotein variables with 
the clinical and the Liposcale® test variables 
Table C6.2 shows the relationship between the five 1H-NMR 
glycoprotein variables and continuous clinical variables such as BMI, 
blood glucose, PCR, HbA1c and Liposcale®. A similar pattern was 
observed in all five variables. We found no significant relationship 
between age and the concentration of glycated proteins in plasma. 
However, there was a positive and significant association between the 
concentration of glycated proteins and BMI, CRP and blood glucose. 
For HbA1c, the trend was similar but only significant with H/W GlycA 
(p<0.05) and H/W GlycB (p<0.01) ratios. As far as the relationship 
with lipidic Liposcale® variables is concerned, we found that total 
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abundance of GlycA, GlycB and GlycF and shape of GlycA and GlycB 
were clearly associated with a proatherogenic pattern, which included 
a negative and significant association of the five glycoprotein 
parameters and HDL cholesterol (HDL-C) levels. The same applied to 
medium HDL particle concentration and to the size of VLDL, HDL 
and LDL particles. 
The contribution of the clinical variables to each glycoprotein 
variable was studied using three linear regression models with the 
following equations:  
i) 𝑿 = 𝛽0 + 𝛽1𝐴𝑔𝑒 + 𝛽2𝐺𝑒𝑛𝑑𝑒𝑟 + 𝛽3𝐵𝑀𝐼 
    
ii) 𝑿 = 𝛽0 + 𝛽1𝐴𝑔𝑒 + 𝛽2𝐺𝑒𝑛𝑑𝑒𝑟 + 𝛽3𝐵𝑀𝐼 +
𝛽4𝐷𝑖𝑎𝑏𝑒𝑡𝑒𝑠 
iii) 𝑿 = 𝛽0 + 𝛽1𝐴𝑔𝑒 + 𝛽2𝐺𝑒𝑛𝑑𝑒𝑟 + 𝛽3𝐵𝑀𝐼 +
𝛽4𝐷𝑖𝑎𝑏𝑒𝑡𝑒𝑠 + 𝛽5𝐻𝐷𝐿_𝐶 + 𝛽6𝐿𝐷𝐿_𝐶 + 𝛽7𝑇𝐺  
 
The independent variables considered were age, gender and 
BMI for model A (i); age, gender, BMI and diabetes for model B (ii); 
and age, gender, BMI, diabetes LDL-C, HDL-C and total triglycerides 
(TG) for model C (iii). The dependent variable (X) was each of the 5 
1H-NMR glycoprotein variables for each of the three models. The beta 
coefficients (𝛽) determine the explanatory variable that has most 
weight in the explanation of each glycoprotein variable (see table 
C6.3). 
As can be seen in table C6.3, some of the independent variables 
considered in these models significantly affected each glycoprotein 
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variable. In model A, all the glycoprotein variables were significantly 
affected by BMI. Moreover, both the area and H/W ratio of GlycB were 
affected by age. In model B, all the glycoprotein variables were equally 
significantly and positively affected by BMI and diabetes. 
Finally, in model C, after correcting for lipid variables, we 
observed that all glycoprotein variables were significantly and 
negatively affected by HDL-C, and significantly and positively by TG. 
However, some differences were observed between the glycoproteins 
in this model; the area and H/W ratio of GlycB was also significantly 
affected by gender, BMI and diabetes; the area and H/W ratio of GlycF 
was affected by gender, diabetes, LDL-C and TG; the area of GlycA 
was only significantly affected by the three lipid variables and diabetes 
and the H/W ratio of GlycA was affected by gender and BMI. 
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Table C6.1: Distribution and clinical characteristic of groups. 
 
Abbreviations: BMI, body mass index; AHT, arterial hypertension; CVA, cerebrovascular accident; CRP, C-reactive protein; Hb1AC, glycated 
hemoglobin; A, AD(+)DM(+); B, AD(+)DM(-); C, AD(-)DM(+); D, CT. A) DM (+) DA (+), B) DM (-) AD (+), C) DM (+) AD (-), D) CT. 
The median and the interquartile range are indicated for continuous variables and the distribution percentage is indicated for categorical 
variables. P-values are corrected by the Bonferroni method. For categorical variables the chi-squared p-value is shown. * is marked for p<0.05 
and ** for p<0.01.  
 
 
AD (+) DM (+) 
n=129 
DM (-) AD (+) 
n= 38 





Age (years) 58 ± 14 54 ± 15 65 ± 10.75 58 ± 13.50 0.00** (A-B, A-D, B-C, C-D) 
Gender (% male) 50 33.3 49.5 61.4 0.02* 
BMI (kg/m) 31.85 ± 5.87 31.76 ± 2.86 30.20 ± 6.22 26.90 ± 4.49 0.00 ** (A-D, B-D, C-D) 
Smoking (%) 25.3 25 18 4.7 0.00** 
HBP (%) 70.1 47.2 74.5 16.1 0.00** 
Total-C 215.37 ± 70.81 223.84 ± 47.54 197.19 ± 66.92 206.38 ± 43 0.00**(A-C, B-C, C-D) 
LDL-C 117.89 ± 59.25 125.14 ± 46.16 111.57 ± 46.27 107.79 ± 46.14 >0.05 
HDL-C 41.04 ± 15.75 40.63 ± 16.53 51.54 ± 18.84 56.16 ± 22.93 0.00**(A-C, A-D, B-C, B-D) 
TG 215.56 ±127.62 217.10 ± 134.97 111.35 ± 57 71.48 ± 42.84 0.00**(A-C, A-D, B-C) 
CRP (mg/L) 2.89 ± 2.15 2.09 ± 2.51 2.06 ± 1.64 2.25 ± 0.90 0.00 **(A-D, C-D) 
Glucose 158.50 ± 57 114 ± 22 151.50 ± 62.25 101.50 ± 18 0.00**(A-B, A-D, B-C, C-D) 
Hb1AC 6.70 ± 1.50 5.20 ± 0.60 6.90 ± 1.67 2.97 ± 2.80 0.00** (A-B, A-D, B-C, B-D, C-D) 
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Table C6.2: Relationship between the five 1H-NMR glycoprotein 
variables and continuous clinical variables 
 
Spearman correlation coefficients (r) and Spearman p-values (p) are shown. 
Significance is marked (* for p<0.05 and ** for p<0.01). Green indicates positive 
associations, while orange indicates opposite associations. For Age, IMC and 
Glucose_cobas n=455; for CRP n=396; for HbA1c n=172; and for the other variables 
n=504. 
r p-value r p-value r p-value r p-value r p-value
Clinical variables
Age -0.03 0.46 -0.01 0.84 -0.05 0.31 0.02 0.75 -0.02 0.66
BMI 0.30 0.00** 0.30 0.00** 0.34 0.00** 0.29 0.00** 0.32 0.00**
Glucose_cobas 0.38 0.00** 0.44 0.00** 0.42 0.00** 0.39 0.00** 0.44 0.00**
PCR 0.37 0.00** 0.32 0.00** 0.31 0.00** 0.42 0.00** 0.39 0.00**
HbA1c 0.10 0.17 0.15 0.05 0.09 0.25 0.28 0.00** 0.16 0.04*
Liposcale ® variables
VLDL-C 0.61 0.00** 0.76 0.00** 0.88 0.00** 0.42 0.00** 0.74 0.00**
IDL-C 0.49 0.00** 0.48 0.00** 0.55 0.00** 0.31 0.00** 0.49 0.00**
LDL-C 0.04 0.30 0.08 0.04* 0.13 0.00** -0.02 0.66 0.10 0.02*
HDL-C -0.40 0.00** -0.47 0.00** -0.56 0.00** -0.34 0.00** -0.49 0.00**
VLDL-TG 0.60 0.00** 0.79 0.00** 0.89 0.00** 0.44 0.00** 0.75 0.00**
IDL-TG 0.59 0.00** 0.61 0.00** 0.70 0.00** 0.40 0.00** 0.63 0.00**
LDL-TG 0.41 0.00** 0.35 0.00** 0.42 0.00** 0.25 0.00** 0.39 0.00**
HDL-TG 0.42 0.00** 0.52 0.00** 0.58 0.00** 0.24 0.00** 0.48 0.00**
VLDL-P (nmol/L) 0.60 0.00** 0.79 0.00** 0.89 0.00** 0.44 0.00** 0.75 0.00**
Large VLDL-P (nmol/L) 0.59 0.00** 0.76 0.00** 0.88 0.00** 0.44 0.00** 0.75 0.00**
Medium VLDL-P (nmol/L) 0.61 0.00** 0.78 0.00** 0.90 0.00** 0.44 0.00** 0.75 0.00**
Small VLDL-P (nmol/L) 0.60 0.00** 0.79 0.00** 0.89 0.00** 0.44 0.00** 0.74 0.00**
LDL-P (nmol/L) 0.14 0.00** 0.19 0.00** 0.23 0.00** 0.06 0.16 0.20 0.00**
Large LDL-P (nmol/L) 0.03 0.53 -0.01 0.89 0.06 0.17 -0.06 0.12 0.03 0.54
Medium LDL-P (nmol/L) 0.01 0.88 0.03 0.47 0.07 0.10 -0.03 0.50 0.06 0.15
Small LDL-P (nmol/L) 0.24 0.00** 0.31 0.00** 0.35 0.00** 0.14 0.00** 0.31 0.00**
HDL-P (μmol/L) -0.09 0.03* -0.06 0.17 -0.09 0.03* -0.14 0.00** -0.10 0.02*
Large HDL-P (μmol/L) 0.19 0.00** 0.17 0.00** 0.27 0.00** 0.06 0.16 0.17 0.00**
Medium HDL-P (μmol/L) -0.36 0.00** -0.46 0.00** -0.55 0.00** -0.31 0.00** -0.48 0.00**
Small HDL-P (μmol/L) 0.10 0.01* 0.21 0.00** 0.23 0.00** 0.00 0.96 0.17 0.00**
VLDL-Z (nm) -0.27 0.00** -0.44 0.00** -0.40 0.00** -0.21 0.00** -0.33 0.00**
LDL-Z (nm) -0.38 0.00** -0.53 0.00** -0.51 0.00** -0.35 0.00** -0.47 0.00**
HDL-Z (nm) -0.45 0.00** -0.62 0.00** -0.74 0.00** -0.34 0.00** -0.61 0.00**
Non-HDL-P (nmol/L) 0.29 0.00** 0.37 0.00** 0.43 0.00** 0.17 0.00** 0.38 0.00**
Total-P/HDL-P 0.28 0.00** 0.32 0.00** 0.39 0.00** 0.21 0.00** 0.35 0.00**
LDL-P/HDL-P 0.17 0.00** 0.19 0.00** 0.25 0.00** 0.13 0.00** 0.23 0.00**
Area GlycB Area GlycF Area GlycA H/W GlycB H/W GlycA
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6.4.2 Analysis of glycoproteins and CRP in the study population 
groups 
Significant differences were detected in glycoprotein variables 
and CRP between the study groups (see Figure C6.1). The first thing 
to note is the difference in the dispersion of the variables. While the 
glycoprotein variables had a narrow distribution, CRP clearly had a 
wider dispersion. In all the variables there were significant differences 
between the control group and the others. For Area GlycB and CRP, 
there were only differences between the three diagnostic groups and 
CT. Area GlycF shows the same differences as Area GlycB but there 
were also differences between [DM (-) AD (+)] and [DM (+) AD (-)]. 
Area GlycA and the ratios H/W GlycB and H/W GlycA show 
significant differences between all the groups. No variable was 
significantly different between the groups [DM (+) AD (+)] and [DM 
(-) AD (+)]. 
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Figure C6.1: Univariant analysis of 1H-NMR glycoprotein variables 
and CRP between groups. Median and interquartile range (Iqr) are 
represented. Iqr is indicated in red. The Wilcoxon−Mann−Whitney test 
has been used to calculate significance (*p<0.05, ** p<0.01). 
 
Neither the GlycB area nor CRP were able to discriminate 
between the condition of having diabetes or dyslipidaemia. GlycF 
distinguished between having dyslipidaemia or not in a population with 
diabetes. The other variables were also capable of detecting significant 
differences between the group that only has diabetes and the group that 
only has AD. These data indicate that the dominant condition is AD, 
and that the glycoprotein variables are much more affected when there 
is AD than diabetes. 
To examine the influence of AD and DM on each glycoprotein 
variable and CRP, we analysed the main effect of each independent 
condition and its interaction. Table C6.4 shows the two-way Anova 
results for AD, DM and the interaction between them for each variable. 
AD was significantly influenced by increasing the value of all the 
glycoprotein and CRP variables. DM significantly affected the value 
of Area GlycB, H/W GlycB, H/W GlycA and CRP. However, the 
interaction between both effects (AD and DM) was only significant for 
Area GlycA (p<0.05), H/W GlycA (p<0.01) and H/W GlycB(p<0.05), 
which showed that there was a synergistic effect between the two 
conditions.  
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Table C6.3: Covariance-adjusted linear regression models  
   
                                  DEPENDENT VARIABLE    
Area GlycB Area GlycF Area GlycA H/W GlycB H/W GlycA    















Age Model A 0.09 0.03* 0.06 0.15 0.05 0.22 0.09 0.04* 0.07 0.10 
Model B 0.02 0.58 -0.02 0.60 0.00 0.96 -0.03 0.46 -0.02 0.65 
Model C 0.02 0.61 -0.04 0.15 -0.02 0.37 -0.02 0.55 -0.03 0.32 
Gender Model A -0.02 0.64 0.00 0.86 0.02 0.56 -0.02 0.57 0.00 0.92 
Model B -0.04 0.33 -0.03 0.41 0.00 0.87 -0.06 0.12 -0.03 0.43 
Model C -0.08 0.04* -0.07 0.02* -0.04 0.05 -0.10 0.01* -0.07 0.02* 
BMI Model A 0.34 0.00** 0.28 0.00** 0.32 0.00** 0.34 0.00** 0.35 0.00** 
Model B 0.26 0.00** 0.19 0.00** 0.26 0.00** 0.21 0.00** 0.26 0.00** 
Model C 0.14 0.00** 0.01 0.71 0.04 0.08 0.13 0.00** 0.08 0.02* 
Diabetes Model B 0.20 0.00** 0.27 0.00** 0.17 0.00** 0.37 0.00** 0.28 0.00** 
Model C 0.16 0.00** 0.21 0.00** 0.10 0.00** 0.35 0.00** 0.23 0.00** 
HDL-C Model C -0.15 0.00** -0.06 0.11 -0.14 0.00** -0.17 0.00** -0.13 0.00** 
LDL-C Model C 0.06 0.10 0.09 0.00** 0.10 0.00** 0.04 0.33 0.13 0.00** 
TG Model C 0.35 0.00** 0.67 0.00** 0.75 0.00** 0.22 0.01* 0.5 0.00** 
 
The beta coefficients (𝛽) and Anova p-value (p) are represented. Significance is marked (* for p<0.05 and ** for p<0.01). Abbreviations: 
BMI, body mass index; HDL-C, high density lipoprotein cholesterol; LDL-C, low density lipoprotein cholesterol; TG, total triglycerides; 
AHT, arterial hypertension; CVA, cerebral vascular accident.  
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Table C6.4: Two-way analysis of variance  
 
(AD+) vs (AD-) (DM+) vs (DM-) (AD+) vs (DM+) 
Area GlycB 0.00** 0.01* 0.59 
Area GlycF 0.00** 0.68 0.17 
Area GlycA 0.00** 0.30 0.02* 
H/W GlycB 0.00** 0.00* 0.02* 
H/W GlycA 0.00** 0.00** 0.00** 
CRP 0.02* 0.00** 0.27 
p-values for a balanced two-way ANOVA. Significance is marked (* for p<0.05 
and ** for p<0.01). 
To refine the separation between groups, three different 
PLSDA models were built (see figure C6.2) with the five glycoprotein 
variables and CRP for matrix X. Matrix Y was a vector of two classes 
that includes the whole population. Model 1 shows CT versus the rest 
of the study population; Model 2 shows individuals with DA versus 
individuals without DM; Model 3 classifies individuals with or without 
DM. For each of these models, six ROC curves were evaluated: one 
for CRP alone and the other five for CRP with one of the glycoprotein 
variables added one at a time. The biplot in Figure C6.2A shows a 
clear separation between CT and the rest of the study population. 
Figure C6.2B shows a good separation between patients with and 
without dyslipidaemia if glycoprotein variables were considered, and 
a less clear separation if only CRP was considered. Figure C6.2C 
shows a weaker separation between the patients with and without 
diabetes.  
In all cases, if the 1H-NMR glycoprotein variables were taken 
into account the separation between groups greatly improved. The 
AUC of the CRP ROC curve in the three models was much smaller 
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than the AUC when the glycoprotein variables were added (0.68 vs 
0.84 for model 1; 0.54 vs 0.86 for model 2; and 0.55 vs 0.75 for model 
3).  
Figure C6.2. Abbreviations: DG, diagnostic groups; CT, control 
groups; AD, atherogenic dyslipidaemia; DM, diabetes mellitus. Biplots 
and ROC curves of PLSDA models for matrix X with the 5 1H-NMR 
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glycoprotein variables and CRP. [ROC1: CRP; ROC2: CRP + Area 
GlycB; ROC3: CRP + Area GlycB + Area GlycA; ROC4: CRP + Area 
GlycB + Area GlycF + Area GlycA; ROC5: CRP + Area GlycB + Area 
GlycF + Area GlycA + H/W GlycB; ROC6: CRP + Area GlycB + Area 
GlycF + Area GlycA + H/W GlycB + H/W GlycA]. 
 
6.5. Discussion 
Diabetes is a chronic disease associated with circulating levels 
of inflammatory proteins. The enhanced synthesis of proinflammatory 
cytokines and acute-phase proteins characterizes the early stages of 
T2DM and increases as the disease progresses.6 Many studies have 
suggested that the intra-individual reliability and variability of CRP is 
an inflammatory marker in the prediction and follow-up of some 
diseases.19,20 In this study, we have characterized the 1H-NMR plasma 
glycoproteins of T2DM patients with and without AD, we have 
explored their relation with lipoproteins and clinical variables, and we 
have evaluated them as new emerging inflammatory markers of disease 
in comparison to CRP. 
Our study showed that the glycoprotein profile was positively 
associated with being female, BMI, blood glucose, CRP and a 
proatherogenic lipoprotein pattern with increased levels of LDL-C and 
TG. These results are in line with those of some studies in which GlycA 
has been associated with CRP and a high BMI.21–25 The association 
with HbA1c, however, was not so clear. There appeared to be a 
significant association only with the ratios H/W of GlycA and GlycB. 
However, HbA1c was significantly higher in the three study groups 
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than in the control group and even higher in the DM+ groups.  These 
results suggest that the inflammatory pathways for HbA1c and 
serum/plasma glycoproteins are different and determined by 1H-NMR. 
More studies are needed to establish the bases of the inflammatory 
pathways of these blood proteins. 
The significant negative associations found between the five 
glycoprotein variables and HDL-C and the size of VLDL, HDL and 
LDL particles and the high correlation with TG are in line with the 
literature, where diabetes is related to reduced HDL-C levels, a 
predominance of small dense LDL particles, and elevated TG levels.28  
In addition,  this study has found a significant positive association 
between glycoproteins and small HDL, the most abundant subclass in 
patients with T2DM.29 These results suggest that an increase in 
glycosylated proteins is consistent with the characteristic lipid pattern 
of both T2DM and AD. In addition, linear regression models showed 
that both the area and H/W ratio of GlycB was largely associated with 
high TG concentrations and low HDL-C concentrations, while the area 
and H/W ratio of GlycA were also associated with high concentrations 
of LDL-C. 
The significant differences in the glycoprotein values of each 
of the diagnostic groups versus the CT group were expected. However, 
the CRP showed greater dispersion among individuals from each group 
than the 1H-NMR glycoprotein variables, which confirms the higher 
intra-variability mentioned in the literature.19,20 It appears that AD 
contributes to an increase in the five glycoprotein variables, while DM 
contributes to an increase in the GlycB area and the two variable H/W 
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ratios, but not in the GlycA area. The GlycA area was associated with 
AD but not with DM. The two conditions together contribute to a 
positive and significant synergic effect on the GlycA area and the H/W 
ratios of GlycA and GlycB.  
PLSDA models suggest that using the new glycoprotein 
variables in conjunction with common inflammation markers such as 
CRP maximizes the sensitivity and specificity of classifying DM and 
AD, pathological states linked with inflammatory processes. A set of 
inflammatory markers could be used to develop effective and novel 
strategies for disease intervention. 
These results are in line with those of several studies in the 
literature which report an increased concentration of GlycA in patients 
with T2DM.23,30–33 The mechanisms by which glycoproteins 
parameters are increased in diabetes are not well understood. 1-
glycoprotein, one of the circulating glycoproteins detected by 1H-
NMR, is known to be a marker of glycemia because prolonged 
inflammation decreases glucose tolerance.30 The close relationship of 
insulin sensitivity with GlycA, but not with GlycB, has also been 
described.34  
Nevertheless, our study is not free from certain limitations. The 
sample size and the distribution of some variables are not 
homogeneous between groups. However, the models have been 
corrected in an attempt to minimize this variability. In addition, we 
have not been able to provide data on other clinical complications of 
diabetes, because this was beyond the scope of this article. Among the 
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strengths of this study are the quality and novelty of the analytical 
procedures used. And from a single experiment with 1H-NMR we can 
obtain both the glycoprotein variables and the advanced lipid profile, 
which leads to lower cost and less experimental variability.  
In conclusion, the present study suggests that 1H-NMR 
glycoproteins could be used as markers of the degree of inflammation 
associated with diabetes and dyslipidaemia, as they have been shown 
to have lower inter-individual variability and to improve predictive 
outcomes of CRP in patients with and without diabetes and in patients 
with and without dyslipidaemia. Future studies will be necessary to 
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7. General discussion and conclusions  
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7.1. Glycoprotein quantification, a further step in 
NMR applications 
 Nuclear Magnetic Resonance (NMR) spectroscopy enables us 
to obtain a comprehensive analytical profile including the most 
abundant chemical components such as lipoproteins, aminoacids, 
organic acids, carbohydrates and albumin found in biological 
samples.1,2 In this thesis, we focused on the quantification of 
glycoprotein acetyls in serum or plasma samples, which becomes a 
further step in the advancement of NMR applications, especially 
considering that they can be quantified from the same experiment used 
for lipids, which means great cost savings and maximum profitability. 
Another major advantage associated with the study of serum or plasma 
with NMR is that the measurements can often be made with minimal 
sample preparation, even the process can be automated with sample 
preparation robots such as the Automated Liquid Handling Gilson 
robot, which has been implemented in recent years in our company. 
The reliability of a high throughput technique such as NMR and the 
ease of sample preparation in turn mean that the coefficient of variation 
associated with inter- and intra-laboratory NMR experiments is 
typically very low and biological differences between individuals are 
normally greater than the variations induced by experimental factors.3  
 For glycoprotein analysis, other classic techniques such as 
Lectin analysis,4 DNA sequencing equipment-Fluorophore Assisted 
Carbohydrate Electrophoresis (DSA-FACE),5 Chromatographic 
methods such as high performance liquid chromatography (HPLC)6 or 
Hydrophilic interaction liquid chromatography (HILIC),4 or MALDI-
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TOF analysis,4 among others, are usually targeted techniques that only 
allow to characterize specific glycated proteins. Mass spectrometry 
(MS) is another common high throughput technology but the analysis 
of protein-derived circulating glycans is still difficult due to the high 
complexity of glycan linkage and branching.7 However, with NMR, 
although we do not characterize the specific glycated protein, we are 
able to determine a quantification of global glycosylation status, 
specifically of the most abundant acute-phase proteins in the blood, 
which are elevated during inflammatory processes,8 so it becomes an 
advantageous technique for quantifying a global inflammation profile. 
 In particular, the measurement of glycoproteins by NMR is not 
as established as the measurement of lipoproteins, which has been a 
revolution in the last decade, but it is likely to be used in the very close 
future because of the above-mentioned advantages.  
 In Chapter 2, we present our methodology for the 
characterization of glycoproteins based on NMR spectroscopy, as well 
as the industrial development, which has been made possible thanks to 
the cooperation between the Rovira i Virgili university and the spin off 
company Biosfer Teslab, whose main product is the Liposcale® test, a 
test based on the characterization of lipoproteins through NMR 
spectroscopy. We assessed the robustness, reliability and 
reproducibility of the methodology, as well as the effect of sample 
storage conditions and sample interday assays. The performed 
experiments indicated a very low variability in the results of 
glycoprotein quantification. 
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  There are currently two NMR glycoprotein analysis methods 
developed by other research groups that have been applied in a wide 
variety of studies, based on curve fitting methods.1,8,9 Other approaches 
quantifying glycoproteins generally rely on the integration of their 
NMR signal, which is proportional to the concentration. However, this 
approach is very sensitive to baseline distortions and it is not 
recommended for overlapped peaks. It’s worth to say that, as we have 
seen in the thesis, the GlycA peak is very close to a lipid response peak. 
If a peak deconvolution approach is not used, the generated error in the 
GlycA concentration can be very high.  
 The main difference of our methodology with respect to those 
previously mentioned is that we obtain some parameters that have not 
been previously described by using the LED pulse spectra, while others 
use regression methods and the NOESY pulse. Normally, studies in the 
literature refer to GlycA and GlycB, which report the concentration of 
the acetyl groups of N-Acetylglucosamine (GlcNAc) and N-
Acetylgalactosamine (GalNAc), and sialic acid or N-Acetilneuraminic 
acid (Neu5Ac) monosaccharides bound to protein, respectively. The 
methodology for glycoprotein profiling developed in the present thesis 
is also based on a line-shape fitting approach but in LED spectra, with 
the difference that provides not only GlycA and GlycB area.  We 
quantify a new parameter that we have called ratio H/W of GlycA and 
GlycB related to the shape of the NMR peaks defined by the ratio 
between the height - which is related to concentration - and the width -
which is related to the flexibility and the aggregation of the molecules 
generating the signal. These new parameters have showed higher 
clinical relevance throughout the thesis studies. In addition, we also 
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quantify another new parameter that we have called GlycF, which is 
associated with the concentration of the three free monosaccharides 
(GalNAc, GlcNAc and Neu5Ac) in the sample without binding to 
protein. However, more studies are required in the future to establish 
the specificity of each of them beyond their increase in inflammatory 
or metabolic diseases.  
 In order to prepare NMR-based on glycoprotein profiling 
applications for clinical use, one aspect to consider in the near future is 
a comparative study between the different quantification 
methodologies. The standardization of both, NMR measurements and 
the glycoprotein parameters, will allow the comparison of different 
cohorts by providing new knowledge about glycosylation patterns.   
  
7.2. Perspectives on NMR-based on glycoprotein 
quantification into clinical practice 
Inflammation is the basis for many autoimmune and chronic 
low grade inflammatory diseases.7 The inflammatory response leads to 
an increase in acute phase proteins (APP) such as tumour necrosis 
factor (TNF-), interleukin-1 and 6 (IL-1 and IL-6), among others.10  
Many APPs are heavily glycosylated11 and they are predominantly 
synthesized and secreted by hepatocytes. During an acute phase 
response, glycosylation of proteins is affected and the carbohydrate 
structures of many of N-linked inflammatory glycoproteins branch 
out.12–14 These branched glycans are rich in GlcNAc, GalNAc, sialic 
acid and fucose residues in a myriad of different arrangements, 
contributing to the potential diversity of glycan structures.12,13,15–17 
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Given the diversity in the number of glycoproteins in biological 
fluids, as well as the unique changes that can occur in some diseases 
and not others, it is likely that there is a large amount of information 
that has not yet been extracted from glycoproteins for clinical use. The 
state of art presented in Chapter 3 reflects the growing interest in 
circulating glycoproteins quantification by 1H-NMR spectroscopy and 
the related clinical studies. GlycA and GlycB parameters have been 
studied in a wide variety of diseases such as tumours and cancer, 18–23 
metabolic diseases, 24–26 cardiovascular risk, 27–33 chronic 
inflammatory diseases, 34–36 among others. All of these studies support 
the hypothesis that GlycA is a robust marker of systemic inflammation. 
GlycB, however, is believed to be associated also with inflammatory 
diseases but with less strength than GlycA. The results of the review 
chapter open the doors to a future incorporation of these markers for 
prediction and monitoring of several diseases. 
In this thesis, we have studied the clinical relevance of the 
glycoprotein parameters obtained by our new NMR analysis method in 
three different cohorts with chronic inflammatory disease such as 
rheumatoid arthritis and metabolic diseases such as diabetes, obesity 
and PCOS. In chapter 4 we have characterized the plasma 
glycoprotein profile of a cohort of patients with rheumatoid arthritis 
(RA) versus healthy individuals. RA patients presented a significant 
increase in the GlycA associated area compared with the control group. 
They also presented significantly higher H/W GlycA and GlycB ratios 
than the control population. In a prediction PLS-DA model we 
calculated the receiver operating curve (ROC) in order to evaluate the 
classificatory power of our glycoprotein and lipoprotein (Liposcale) 
UNIVERSITAT ROVIRA I VIRGILI 
1H-NMR GLYCOPROTEIN ANALYSIS: AN ADVANCED APPROACH FOR INFLAMMATORY DISEASES DIAGNOSIS 





1H-NMR profile to classify the study population in low or high disease 
activity degree. The results demonstrated that our glycoprotein and 
lipoprotein (Liposcale) 1H-NMR variables, along with classic 
inflammatory parameters such as Fibrinogen, C-reactive protein 
(CRP), rheumatoid factor (RF) and Anti-Citrullinated Peptide 
Antibodies (ACPA),  provide information about the high activity of the 
disease that is more accurate than if we only consider the classic 
inflammatory parameters, widely used in clinical practice.37 
Chapter 5 evaluates the glycoprotein profiles of non-obese and 
obese women with polycystic ovary syndrome (PCOS) comparing 
them with non-obese and obese female and male controls. Even though 
additional research is required to confirm our findings, the results of 
the current exploratory investigation pave the way toward the use of 
1H-NMR-derived glycoprotein profiles as diagnostic markers to 
predict chronic low-grade inflammation in patients with PCOS. Obese 
subjects presented higher GlycA, GlycB and GlycF areas and higher 
H/W GlycA and GlycB ratios than their non-obese counterparts, 
regardless of sex and PCOS. Patients with PCOS also presented greater 
H/W ratios of GlycA and GlycB compared with the female and male 
control groups. 
Finally, Chapter 6 describes our latest study reported in this 
thesis in which we characterized plasma glycoprotein profiles of 
patients with type 2 diabetes (T2DM) with and without atherogenic 
dyslipidaemia (AD).The results shown that a pro-atherogenic 
lipoprotein pattern that included reduced HDL-C levels, increased 
small dense LDL and HDL particles, and elevated TG levels was 
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significantly associated with glycoprotein variables. Along the same 
lines, all glycoprotein variables values in the diagnostic groups were 
significantly higher than those in the control groups. AD and T2DM 
conditions together contribute to a positive and significant synergetic 
effect on the GlycA area and the H/W ratios of GlycA and GlycB. In 
the last part of this study, we calculated  three PLS-DA models   in 
order to evaluate if glycoprotein variables added some discrimination 
power of  to CRP, the universal clinical variable used commonly for 
inflammation assessment; the first model is between the control 
population and the rest of the diagnostic groups; the second one 
between the group that presented DA and the group that did not; and 
finally, the third one  between the group that presented DM and the 
group that did not. The results shown that by adding the new 
glycoprotein variables to the traditionally used marker of inflammation 
CRP, the AUC increased sharply for the three models suggesting a 
higher classification power than the CRP. 
All the diseases contemplated in these chapters have a low-
grade chronic inflammation base. Therefore, the study of new markers 
of inflammation such as glycoproteins can be very useful in clinical, as 
has been demonstrated in the results. 
In the studies that we have carried out in chapters 5 and 6, the 
cooperation of two factors has been evaluated, AD and DM in chapter 
5, and PCOS and obesity in chapter 6. The existence of both factors at 
the same time supposes an increase in the concentration values of 
glycoproteins. Although more studies should be conducted to 
understand the inflammatory processes that trigger AD, DM, PCOS 
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and obesity, we believe that there may be a greater amount of protein 
glycation when two factors cooperate at once, due to the increased 
concentration of acetyl groups that we have detected by using our 
NMR method. 
Special mention should be made of the added value that our 
new glycoprotein profile brings to the traditionally ones in clinics. 
Chapter 4 clearly shows how glycoproteins, this time together with 
some lipoprotein variables (both obtained with a single NMR 
experiment), far surpass the classifying power of the traditional CRP, 
RF and ACPA evaluating RA patients with a greater or lesser degree 
of the disease activity. 
At the same time, chapter 6 clearly shows a marked 
improvement in diagnostic models with the progressive addition of 
glycoprotein variables with respect to CRP. Although the CRP has 
been considered as the main inflammatory biomarker widely studied 
since its discovery in 1930 , it has been shown to be prone to 
fluctuations due to causes of different origin.38 Glycoproteins acetyls 
NMR signal becomes a measure that reflects the integrated 
concentrations of several of the most abundant glycoproteins in the 
circulation, more than specific molecular markers of inflammation,. In 
relation to this, we hypothesize that glycoprotein acetyls 
concentrations may provide a more stable measure of low-grade 
systemic inflammation and respond more uniformly to diverse 
inflammatory stimuli than individual inflammatory reactants. Our 
presented results are in line with the results exposed at chapter 3 about 
the state of the art of NMR glycoproteins. Taking this into account, the 
UNIVERSITAT ROVIRA I VIRGILI 
1H-NMR GLYCOPROTEIN ANALYSIS: AN ADVANCED APPROACH FOR INFLAMMATORY DISEASES DIAGNOSIS 





long-term application of NMR-based glycoprotein analysis in medical 
research is obviously an encouraging example for the epidemiological 
and clinical prospects of NMR-based on technologies. 
Other clinical issues to consider in the near future is the 
usefulness of these markers to measure the effect of pharmacological 
treatments. This aspect is not well studied, but it is a challenge for the 
clinic to achieve reliable markers to measure the effect of drugs in order 
to improve treatment guidelines. If the glycoprotein profile, which 
appear to be more stable than traditional inflammatory markers, can be 
modified by the effect of a drug, it would open a new window to 
become a clinically relevant biomarker to monitor the severity of the 
disease and the treatment efficacy. 
 
7.3. Future Industrial development  
Additional developments toward automated high-throughput 
applications of quantitative NMR metabolomics are planned in the near 
future. The present thesis has been partly developed in the facilities of 
Biosfer Teslab. It directly opens the door to the introduction of the 
quantification of glycoproteins in multiple and diverse research studies 
in collaboration with different national and international entities with 
the aim in the future of entering the clinic, expanding services beyond 
the Liposcale test. This fact has a fundamental advantage; NMR 
experiments to quantify glycoproteins are the same for characterization 
of lipoprotein and lipid subclasses. Therefore, the stored original NMR 
data allow retrospective analysis of the glycoprotein profile in all 
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archived studies. These data and the continuous analyses carried out in 
the company will probably speed up the performance of new studies in 
order to clarify and define the role of each of the parameters we have 
defined in our method for the first time (GlycB, GlycA and GlycF areas 
and GlycA and GlycB H/W ratios) to establish behaviour patterns. 
Altogether, the results presented in this thesis demonstrate that 
the use of NMR is ideal for the routine characterization of 
glycoproteins in the research, the clinical and the epidemiological 
frameworks, due to the simplicity of the preparation of the sample, the 
reliability and the robustness of the 1H-NMR spectroscopy and the 
possibility of automatization. In addition, the same measurement 
protocol is used for lipoprotein characterization. The results presented 
in this thesis and others epidemiological and clinical studies that will 
be carried out soon, must show clear evidence that glycoproteins 
quantified by NMR are robust and provide enough additional 
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